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“Economical  procurement  of  small  quantities  of  high  performance  custom  integrated 
circuits  for  military  systems  is  severely  impeded  by  inadequate  process,  device 
and  circuit  models  that  handicap  accurate  computer-aided  design  at  low  cost.  The 
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cost.  The  basic  areas  under  investigation  are:  (1)  ion  implantation  and  diffusion 
of  dopants*  (2)  thermal  oxidation; (3)  chemical  vapor  deposition  of  silicon  epitaxyJ 
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and  (4)  device  simulation  and  statistical  circuit  modeling, 
discusses  the  results  of  the  second  year  of  the  program. 
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COMPUTER-AIDED  ENGINEERING  OF 
SEMICONDUCTOR  INTEGRATED  CIRCUITS 


Introduction 

In  military,  industrial,  commercial,  and  consumer  applications,  frequently 
there  is  a great  necessity  for  "customizing"  the  design  of  an  integrated  cir- 
cuit to  fulfill  the  critical  needs  of  a specific  system  or  class  of  systems. 

A major  barrier  which  prevents  the  economic  production  of  small  quantities 
of  high  performance  custom  integrated  circuits  is  the  cost  of  design.  The 
source  of  this  difficulty  lies  in  empirical,  and  costly,  engineering  tech- 
niques used  currently  both  in  integrated  circuit  design,  and  production. 

Optimal  system  design  requires  accurate  computer  models  for  silicon  fabrica- 
tion processes,  elemental  device  structures,  monolithic  circuit  configurations 
and  system  architectures.  Current  capability  to  predict  changes  in  system 
performance  resulting  from  silicon  fabrication  process  modifications  is 
impeded  by  deficiencies  in  process,  device,  circuit  and  system  models. 

The  overall  objectives  of  this  program  are: 

(1)  Develop  process  engineering  models  which  predict  key  technological 
design  parameters  and  facilitate  process  control. 

(2)  Develop  methods  to  utilize  geometrical  process  information  to 
specify  simple  device  models  for  high  performance  devices  including 
all  two-dimensional  effects. 

(3)  Develop  circuit  analysis  capabilities  which  reflect  statistical 
model  effects  including  parameter  correlation  so  that  correct  para- 
meter specifications  for  optimized  yield  are  possible. 

(4)  Disseminate  the  results  to  the  industry. 
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This  report  describes  the  progress  which  has  been  made  during  the  past  12 
months  of  this  program. 

Apart  from  photolithography  which  may  be  viewed  as  a fixed  process  that 
simply  provides  flexibility  in  chip  layout,  the  primary  fabrication  processes 
which  determine  the  electrical  characteristics  of  silicon  electronics  are  ion 
implantation,  diffusion,  thermal  oxidation  and  chemical  vapor  deposition  of 
silicon.  In  Part  1 a multistream  diffusion  model  has  been  described, 
which  apart  from  simple  thermal  diffusion  of  dopants,  can  also  predict  diffu- 
sive annealing  behavior  of  ion  implanted  dopants  and  proton  enhanced  diffusion. 
The  case  of  boron  has  been  investigated  by  taking  into  account  boron  ions, 
positively  charged  vacancies  and  neutral  boron  vacancy  pairs  and  their  gen- 
eration - recombination  kinetics  to  predict  the  resulting  impurity  profile 
of  boron  implanted  in  the  dose  range  of  10^  to  10^  ions/cm^  and  annealed  at 
temperatures  of  800°C,  900°C,  and  1000°C.  Transmission  electron  microscopy 
studies  were  conducted  to  relate  the  diffusion  mechanism  of  boron  to  the  nega- 
tively charged  vacancies  and  boron  vacancy  complexes.  Using  these  studies 
the  phenomenon  of  precipitation  of  boron  at  higher  dose  implants  was  investi- 
gated. The  generalized  diffusion  model  can  predict  electrically  active, 
inactive  and  precipitated  boron  as  a function  of  time  and  temperature  of  diffu- 
sion. 

Part  2 describes  the  results  of  the  work  on  thermal  oxidation  of 
silicon.  In  an  effort  to  understand  physically  the  observed  O2/HCI  kinetics, 
oxidations  in  02/H20,  02/Cl2  and  H20/C1 2 mixtures  have  been  investigated  and 
a physical  model  has  been  developed.  The  kinetics  of  H20  and  H20/HC1  mixtures 
using  a pyrogenic  system  have  been  studied.  Complete  experimental  character- 
ization of  the  thermal  oxidation  of  heavily  phosphorus  doped  silicon  has  been 


completed  and  relationships  of  the  linear  and  parabolic  rate  constants  have 
been  derived.  A physical  model  based  entirely  upon  the  electrical  effects 
has  been  developed  relating  higher  equilibrium  vacancy  concentrations  at  high 
doping  levels  to  the  observed  enhanced  oxidation  rate  in  heavily  phosphorus 
doped  silicon.  Initial  results  of  the  work  on  correlating  the  two  principal 
oxide  charges,  Q$s  and  Nst,  with  process  conditions  are  also  presented. 

Part  3 deals  with  chemical  vapor  deposition  of  silicon.  Dopant  incor 
poration  process  in  the  epitaxial  growth  of  silicon  and  properties  of  thin  Si 
films  deposited  by  low-pressure,  chemical  vapor  deposition  (LPCVD)  have  been 
studied.  The  transient  and  steady-state  response  of  the  dopant  system  of  a 
horizontal,  atmospheric-pressure,  epitaxial  reactor  have  been  studied  at 
different  growth  rates  to  learn  the  effect  of  the  growth  rate  on  the  para- 
meters entering  into  the  transfer  function  of  the  reactor.  A physicochemical 
model  for  the  dopant  incorporation  into  the  Si  epitaxial  films  has  been 
developed.  In  the  model  developed,  the  different  mechanisms  entering  into 
the  doping  process  and  their  relative  importance  is  analyzed.  The  results 
from  the  transient  and  steady-state  study  are  used  to  confirm  the  model. 

The  structure  of  Si  films  obtained  by  the  LPCVD  process  in  the  600°C  temper- 
ature range  and  the  effect  of  annealing  them  in  the  temperature  range  of 
800°C  to  1200°C  has  been  investigated  by  x-ray  diffraction  and  transmission 
electron  microscopy. 

Part  4 discussed  the  results  of  device  simulation  and  statistical 
circuit  modeling.  The  material  discussed  in  this  chapter  has  two  key  objec- 
tives. First,  fabrication  process  information  is  used  directly  as  input  for 
device  simulation  so  that  technology  variables  are  correctly  reflected  in 
device  characteristics.  While  the  present  examples  of  this  process/device 
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simulation  coupling  focus  primarily  on  one-dimension,  progress  on  the  two- 
dimensional  analysis  programs  is  encouraging.  Second,  equivalent  circuit 
and  statistical  analysis  capabilities  are  being  developed  with  emphasis 
on  predicting  geometry  and  process  dependent  effects.  The  impact  of  this 
work  on  both  reliability  and  circuit  yield  will  be  discussed. 

Thp  procurement  of  small  quantities  of  high  performance  custom  inte- 
grated circuits  for  military  systems  is  presently  impeded  by  inadequate 
process  device  and  circuit  models  which  would  facilitate  accurate  computer 
aided  design  and  which  would  consequently  provide  rapid  availability  of 
LSIC  subsystems  at  reasonable  cost.  Nevertheless,  the  demand  for  LSIC 
subsystems  for  military  equipment  is  expected  to  increase  during  the 
nineteen-eighties.  This  program  is  relevant  to  military  needs  since  it 
will  result  in  computer  aided  engineering  capabilities  that  will  increase 
design  efficiency,  facilitate  fabrication,  and  improve  the  availability 
of  custom  LSIC's,  thereby  leading  to  reduced  DOD  electronics  procurement 
costs. 
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Part  1 


ION  IMPLANTATION 

O.F.  Gibbons,  A.  Chu,  K.C.  Saraswat 

Research  on  ion  implantation  performed  during  the  past  year  under 
the  ARPA-supported  Process  Modelling  program  at  Stanford  has  been  directed 
toward  the  development  of  a mathematical  model  that  is  capable  of  predicting 
the  annealing  behavior  of  boron-implanted  silicon  over  a wide  range  of  exper- 
imental conditions. 

The  principal  result  of  the  research  is  a new  model  which  can  be 

used  to  calculate  the  complete  annealing  behavior  of  boron-implanted  sili- 

16  2 

con  for  any  dose  level  up  to  10  B/cm  and  any  annealing  temperature  in  the 
range  800°C  < T < 1000°C.  A full  and  careful  development  of  this  model  and 
its  application  to  a number  of  problems  of  practical  interest  are  the  subject 
of  the  attached  doctoral  thesis  of  A.  Chu  entitled  "A  Theoretical  Approach  to 
the  Calculation  of  Annealed  Impurity  Profiles  of  Ion  Implanted  Boron  Into 
Silicon".*  This  thesis  represents  what  we  believe  to  be  the  most  comprehen- 
sive t^atment.  of  the  problem  available  at  the  present  time  and  is  currently 
being  incorporated  into  the  SUPREM  process  modelling  program.  In  what 
follows  we  give  a brief  description  of  its  principal  contents. 

The  general  problem  to  which  the  work  is  addressed  is  as  follows.  Boron 
implanted  into  room  temperature  silicon  under. specific  conditions  of  dose  and 
energy  will  produce  a spatial  distribution  of  boron  that  can  be  calculated 
from  the  theory  of  Lindhard,  Scharff  and  Schiott  [1];  and  a spatial  distri- 

*Appendix  C. 
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bution  of  damage  in  the  crystal  that  can  be  calculated  from  the  theory 
of  Brice  [2].  To  realize  the  electrical  properties  of  the  implanted  do- 
pant, the  crystal  must  be  annealed  to  repair  the  damage  and  place  the 
implanted  boron  atoms  on  substitutional  sites.  In  general  this  annealing 
step  requires  raising  the  implanted  material  to  a relatively  high  tempera- 
ture (800-1000°C) , and  the  implanted  boron  will  then  diffuse  into  a new 
distribution.  The  problem  is  to  calculate,  for  given  implantation  and 
annealing  conditions,  (a)  the  time  required  to  completely  anneal  the  im- 
plantation damage  and  (b)  the  spatial  distribution  of  the  substitutional 
boron  at  that  time.  A critical  feature  of  the  annealing  process  is  that, 
until  the  damage  is  annealed,  the  boron  will  diffuse  at  extraordinary 
r^tes  because  the  defect  concentration  in  the  implanted  crystal  is  above 
its  equilibrium  value  for  the  given  annealing  temperature. 

A multistream  diffusion  model  has  been  developed  to  describe  the 

annealing  process,  in  which  the  boron  is  visualized  as  being  in  one  of 

several  possible  atomic  sites  or  complexes  within  the  silicon  crystal.  In 

the  simplest  cases  boron  exists  as  either  a simple  substitutional  acceptor 

or  it  is  complexed  with  a positively  charged  vacancy  to  form  a fast-diffusing, 

15  2 

electrically-inacti ve  species.  For  doses  0 < 10  B/cm  and  annealing 
temperatures  in  excess  of  900°C,  the  annealing  behavior  can  be  well-approximated 
by  a set  of  three  coupled  diffusion  equations  in  which  interactions  between 
substitutional  boron  (B$),  lattice  vacancies  (V)  and  boron-vacancy  pairs  (B-V) 
are  modelled  in  terms  of  departures  of  the  corresponding  concentrations  from 
their  thermal  equilibrium  values.  The  relevant  equations  are 
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of  neutral  vacancies. 


This  relatively  simple  model  fails  to  predict  the  annealing  behavior 
of  boron-implanted  silicon  when  (a)  the  dose  exceeds  10  /cm  and/or  (b)  the 
annealing  temperature  is  reduced  to  800°C.  In  the  first  of  these  cases, 
boron  precipi tates  will  form  during  the  early  phases  of  the  anneal  and  may 
subsequently  dissolve  if  the  annealing  is  carried  out  for  a sufficiently 
long  time.  These  precipitates  form  whenever  the  concentration  of  boron 
exceeds  the  solid  solubility  of  boron  in  silicon  at  the  annealing  temperature. 

This  effect  can  be  included  quantitatively  by  adding  terms  to  each 
of  the  equations  above  that  describe  the  formation  and  dissolution  of  the 
precipitate. 

At  low  annealing  temperatures  a similar  effect  occurs  in  which  defect 
loops  and  dislocation  dipoles  are  formed  during  the  early  stages  of  the  an- 
nealing and  diffusing  boron  is  subsequently  adsorbed  on  these  defect  loops. 
This  effect  is  included  in  the  model  in  a manner  similar  to  that  used  for 
precipitated  boron.  In  both  cases  the  boron  will  dissolve  from  the  precipi- 
tation or  adsorption  site  if  the  anneal  is  carried  out  for  a sufficient  period 
of  time. 

The  addition  of  precipitation  and  adsorption  effects  to  the  basic 
model  lead  to  a comprehensive  annealing  model  that  is  capable  of  predicting 
the  amount  and  distribution  of  any  form  of  boron  (substitutional,  complexed, 
adsorbed  or  precipitated)  at  any  time  during  the  annealing  sequence.  Taken 
together  with  the  theories  that  predict  the  initial  range  and  damage  dis- 
tributions, this  comprehensive  annealing  model  provides  a complete  process 
model  for  boron-implanted  silicon. 


Part  2 


THERMAL  OXIDATION 

J.D.  Plummer,  B.E.  Deal,  W.A.  Tiller, 
C.P.  Ho  and  R.R.  Razouk 


2.1  INTRODUCTION 

Thermally  grown  silicon  dioxide  (Si O2 ) is  one  of  the  key  components 
of  modern  integrated  circuit  structures.  The  oxide  acts  as  a mask  against 
dopant  diffusion,  passivates  the  active  device  regions  and  junctions,  insu- 
lates "field1  regions  and,  as  the  gate  dielectric,  is  an  actual  component  in 
MOS  devices.  Thus,  the  control  and  predictability  of  oxide  growth  and  the 
resulting  electrical  properties  are  critical  if  reproducible  device  perfor- 
mance is  to  be  achieved. 

The  overall  goals  of  the  thermal  oxidation  portion  of  this  program  may 
be  stated  as  follows. 

1.  To  achieve  accurate  analytic  prediction  of  oxide  thickness  under  all 
process  conditions  encountered  in  modern  technologies.  These  include 
the  effects  of  high  substrate  doping  levels,  arbitrary  silicon  substrate 
orientation,  the  presence  of  a chlorine  species  during  the  oxidation, 
and  the  use  of  multiple  species  (such  as  O^/H^O  mixtures)  during  oxida- 
tion. 

2.  To  achieve  accurate  analytic  prediction  of  oxide  charge  densities,  also 
under  all  process  conditions  important  to  modern  devices.  These  condi- 
tions include  arbitrary  silicon  substrate  orientation,  ambient  conditions 

♦ 

This  work  represents  a joint  effort  by  the  Stanford  University  Integrated 
Circuits  Laboratory,  Fairchild  Camera  and  Instrument  Corporation  Research 
and  Development  Laboratory  and  the  Stanford  University  Department  of 
Materials  Science. 
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during  oxidation  and  high  and  low  temperature  anneals. 

3.  To  achieve  accurate  analytic  prediction  of  segregation  and  redistri- 
bution effects  at  the  Si-SiO^  interface.  This  includes  accurate  pre- 
diction of  dopant  profiles  in  both  the  Si 0^  and  Si. 

4.  A further  important  goal  is  the  determination  of  an  atomic  level,  elec- 
trically accurate  model  of  the  Si-Sii^  interface.  Such  a model  is 
believed  to  be  essential  for  achieving  physical  understanding  of  oxida- 
tion kinetics,  the  origin  of  oxide  charges  and  segregation  and  redistri- 
bution. 

Realization  of  these  goals  will  allow  accurate  prediction  of  oxide  and 
surface  properties  for  an  arbitrary  device  structure.  This  in  turn  will 
minimize  costly  iterative,  empirical  techniques  in  the  development  and 
characterization  of  new  and  improved  technologies. 

An  illustration  of  the  importance  of  these  goals  is  shown  in  Fig.  2-1. 
The  device  shown  here  is  an  oxide  isolated  NMOS  transistor,  similar  in  con- 
figuration to  many  devices  currently  in  production.  The  numbers  indicated 
on  the  figure  refer  to  practical,  current  problems  in  oxidation  kinetics 
and  Si02  charge  densities  which  are  addressed  by  the  above  goals.  Referring 
to  the  figure: 

1,5  : Over  the  N+  source  and  drain  diffusions,  enhanced  oxidation  rates 
due  to  high  dopant  concentrations  are  important  as  are  impurity 
redistribution  and  segregation  effects. 

2,3  : In  the  thin  gate  oxide,  the  kinetics  of  multiple  species  oxidations 
^/HgO  for  example)  and  the  use  of  a Cl  species  may  be  important. 
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4 : The  three-dimensional  nature  of  the  device  is  illustrated  in  the  oxide 

isolation  region  where  the  effective  surface  crystal  orientation  changes 
with  position  and  affects  the  oxidation  kinetics  and  charge  densities. 

5 : Redistribution  and  segregation  are  also  extremely  important  under  the 

thick  field  oxide  where  a lightly  doped  P type  layer  is  often  ion 
implanted  to  prevent  surface  inversion. 

6 : Fixed  oxide  charges  (Qss)  and  interface  state  charges  (N$t)  located 

near  the  Si-SiC^  interface  affect  device  threshold  voltage,  carrier 
mobilities,  junction  leakage  currents  and  breakdown  voltage  and  numer- 
ous other  important  device  properties.  These  cannot  at  present  be 
predicted  analytically. 

Similar  arguments  could  be  made  with  respect  to  other  technologies  and 
other  devices  currently  being  manufactured.  The  major  point  to  be  made  here 
is  that  the  goals  presented  above  for  this  program  are  addressed  to  important 
practical  problems.  Understanding  on  a more  basic  physical  level  of  oxidation 
kinetics,  charges  and  redistribution  will  permit  optimization  of  present  device 
structures  and  will  minimize  the  amount  of  empiricism  needed  to  develop  new 
structures. 

2 . 2 SUMMARY  OF  PRINCIPAL  ACCOMPLISHMENTS  TO  DATE 

The  thermal  oxidation  work  to  be  described  here  is  the  result  of  an 
extensive  interdisciplinary  effort  and  is  the  result  of  three  main  groups  - 
the  Stanford  University  Integrated  Circuits  Laboratory,  Fairchild  Camera 
and  Instrument's  Research  and  Development  Laboratory  and  the  Department  of 
Materials  Science  at  Stanford. 
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At  the  beginning  of  this  program,  understanding  of  silicon  oxidation 
kinetics  was  based  largely  upon  the  general  oxidation  relationship  devel- 
oped in  1965  by  Deal  and  Grove  [2.1],  and  given  by 

X2  X 

T +b7S  (2-'> 

where  XQ  = oxide  thickness,  t = oxidation  time,  and  A,  B and  t are  constants 
which  are  functions  of  oxidation  conditions.  The  parabolic  rate  constant  B 
dominates  the  overall  reaction  at  high  temperatures  and  for  thick  oxides  and 
includes  such  factors  as  solubility  of  the  oxidant  in  the  oxide,  oxidant 
diffusion  rate  in  the  Si0o  and  the  partial  pressure  of  the  oxidant.  The 
linear  rate  constant  B/A  dominates  the  reaction  for  low  temperatures  and  short 
times  and  includes  oxidant  solubility,  partial  pressure  and  the  reaction  at 
the  Si-SiC^  interface.  Such  surface  variables  as  silicon  orientation  and 
dopant  concentration  can  affect  this  surface  oxidation  reaction  and  hence 
B/A. 

The  use  of  this  first  order  kinetic  relationship  allows  prediction  of 
oxide  thickness  given  that  B and  B/A  may  be  expressed  as  functions  of  orien- 
tation, doping  level,  ambient  conditions  and  temperature.  Since  B and  B/A 
are  based  on  a model  in  which  oxidant  diffusion  through  an  existing  oxide 
layer,  and  Si -Si 0^  interface  reaction  kinetics  respectively  determine  the 
overall  oxidation  rate,  some  understanding  of  the  underlying  physical  mech- 
anisms involved  may  also  be  obtained  from  this  model. 

An  even  more  basic  physical  understanding  of  the  mechanisms  involved 
in  thermal  oxidation  will  be  needed,  we  feel,  to  fully  understand  oxidation 
kinetics  and  in  particular  to  analytically  predict  oxide  charge  densities. 
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What  is  really  needed  here,  and  what  we  are  now  pursuing  is  a more  micro- 
scopic model  of  the  oxidation  process. 

Many  of  the  important  oxidation  kinetic  processes  and  most  of  the 

O 

charges  associated  with  SiC^  are  determined  by  the  5-40A  transition  region 
between  Si  and  SiC^.  A clear  understanding  on  an  atomic  level  of  this 
region  appears  to  be  necessary  for  a physical  understanding  of  the  kinetic 
and  charge  density  experimental  data  obtained  here  and  elsewhere. 

Toward  these  ends,  a large  portion  of  the  initial  effort  in  this  pro- 
gram was  aimed  at  gathering  sufficient  kinetic  data  to  make  modeling  of  the 
physical  processes  involved  possible.  More  recently,  with  this  kinetic 
data  as  a basis,  considerable  effort  has  been  devoted  to  developing  under- 
lying physical  models  to  explain  the  data.  The  following  list  summarizes 
our  efforts  in  both  these  areas. 

1.  Complete  characterization  of  < 11 1>  and  <100>  orientation  kinetics  for 
dry  O2  and  wet  0^  between  700  and  1200°C  has  been  complted.  These 
results  were  described  in  last  year's  annual  report  [2.2]. 

2.  Complete  experimental  characterization  of  O2/HCI  oxidation  kinetics 
for  0-10%  HC1  and  T = 900-1100°C  has  been  completed.  These  results 
were  described  in  last  year's  annual  report  [2.2]  and  are  the  subject 
of  journal  publication  [2.3]. 

3.  In  an  effort  to  understand  physically  the  observed  O2/HCI  kinetics, 
oxidations  in  02^0,  O2/CI2  and  I^O/C^  mixtures  have  been  investigated. 
The  results  will  be  described  in  detail  later  in  this  report,  and  are 
the  subject  of  a forthcoming  journal  article  [2.4]. 
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4. 


The  kinetics  of  H^O  and  HpO/HCl  mixtures  using  a pyrogenic  system  have 
been  studied  and  the  results  are  described  later  in  this  report. 

5.  Complete  experimental  characterization  of  heavily  doped  phosphorus 

15 

substrate  oxidation  kinetics  for  = 10  to  solid  solubility, 

T = 800-1100°C  in  dry  Op  has  been  completed.  Empirical  relationships 
for  both  the  linear  and  parabolic  rate  constants  as  f (phosphorus 
chemical  concentration)  have  been  derived.  These  results  are  described 
later  in  this  report  and  are  the  subject  of  a journal  article  to  be 
published  [2.5]. 

6.  A physical  model  based  entirely  upon  electrical  effects  (higher  equili- 
brium vacancy  concentrations  at  high  doping  levels),  has  been  derived 
to  explain  the  observed  enhanced  oxidation  rate  in  heavily  phosphorus 
doped  substrates.  This  model  explains  our  experimental  data  extremely 
well  and  allows  prediction  of  oxidation  kinetics  for  B,  As,  Sb  and 
other  impurity  doped  substrates.  It  will  be  described  in  detail  later 
in  this  report. 

7.  Within  the  last  several  months,  work  on  correlating  the  two  principal 
oxide  charges,  Q$s  and  Nst>  with  process  conditions  has  begun.  Initial 
results  will  be  presented  later  in  this  report. 

8.  Installation  and  programming  of  a flexible,  computer  controlled  C-V 
measurement  system  for  characterization  of  oxide  charge  densities  has 
been  completed. 

9.  Implementation  of  computer  prediction  of  first  order  oxidation  kinetics 
has  been  realized. 
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The  remainder  of  this  report  summarizes  the  principal  results  of  the 
past  year's  effort.  The  reader  is  referred  to  last  year's  annual  report 
for  a discussion  of  previous  results  achieved  in  this  program. 

2.3  DETAILED  DISCUSSION  OF  RESULTS 

A.  Chlorine  Oxidation  Kinetics  and  Mechanisms 

During  this  past  year,  experiments  were  carried  out  to  gain  a better 
insight  into  the  mechanism  of  the  HC1/C>2  oxidation  process.  It  was  found 
in  the  previous  work  [2.2]  that  as  the  HC1  concentration  in  02  increased 
from  0 to  10  percent  for  a given  temperature  or  silicon  orientation,  the 
oxidation  rate  increased.  This  increase  was  reflected  by  a continuous 
increase  in  the  parabolic  rate  constant  B,  but  the  linear  rate  constant  B/A 
leveled  off  with  increasing  HC1  after  1-2  percent.  The  effects  on  the  acti- 
vation energies  were  complex  and  unclear. 

An  expression  involving  the  gas  phase  reaction  of  02  with  HC1 , pre- 
viously reported  [2.6],  was  used  as  basis  for  the  current  studies: 


02  + 4HC1  t 2H20  + 2C1 2 (2.2) 

Therefore,  the  oxidation  of  silicon  in  02  with  added  amounts  of  H20,  Cl2> 
or  H20  + Cl 2 , equivalent  to  0-10%  HC1 , was  investigated.  Log-log  plots  of 
oxide  thickness  vs.  oxidation  time  for  H20  and  Cl2  additions  at  1000°C  are 
shown  in  Figs.  2-2  and  2-3.  In  Figs.  2-4  and  2-5,  plots  of  parabolic  and 
linear  rate  constants  as  a function  of  H20  concentrations  are  presented. 
Rate  data  at  other  temperatures  were  also  obtained  for  both  HC1  and  Cl2 
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additions.  Overall  results  for  the  H20/02  mixtures  were  pretty  much  as 
expected,  although  some  departures  from  predicted  theory  were  observed  at 
lower  H20  concentrations.  The  Cl 2/02  rate  constant  data  were  somewhat 
erratic;  no  rate  constant  data  are  presented  here. 

An  attempt  was  made  to  establish  a "combination"  general  oxidation 
relationship,  that  is,  one  that  assumes  parallel  but  independent  oxidation 
by  two  separate  species.  These  two  species  might  be  02,  which  is  the  major 
component  in  all  the  mixtures  in  question,  and  either  H20  or  Cl2  from 
Eq.  2.2  above,  or  H20  or  Cl2  from  the  special  Cl 2/02  and  H20/02  mixtures 
investigated.  Such  an  expression  could  help  to  establish  the  HCl/02  oxida- 
tion mechanism.  The  relationship  developed  was  similar  to  that  reported 
earlier  [2.7].  It  is: 


2EX  + F " 

X2  -x/  + C(X0-  Xi)  - D in 

0 

2EX i + F 

where  C = ( + A2B2 )/ ( + B2) , 

D = [B1B2  (Ar  A2)2]/  [2(B1  + B2)23, 

E = B] + B2, 

F = A1B2  + A23-| , 

and  A-|  and  B^  are  the  constants  in  Eq.  2.1  for  one  oxidation  species 
and  A2  and  B2  the  constants  for  the  second  species.  B-j  and  B2  are  propor- 
tional to  the  partial  pressure  of  components  1 and  2 in  the  oxidation  ambient. 
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The  other  terms  have  the  same  meaning  as  in  Eq.  2.1. 

Log-log  plots  of  oxide  thickness  vs.  oxidation  time  were  prepared  for 
experimental  and  calculated  5%  H20/02  mixtures  and  for  experimental  10% 

HCl/O^  mixtures  (10%  HC1  should  produce  5%  H20  according  to  Eq.  2.2).  These 
plots  plus  dry  02  data  are  shown  in  Fig.  2-6  for  900°C,  1000°C,  and  1100°C. 

It  can  be  noted  that  the  10%  HCl/02  plot  approaches  those  for  5%  H20/02 
(calculated  and  experimental)  at  1100°C. 

These  and  other  results  led  to  the  following  general  conclusions. 

1.  The  relationship  02  + 4HC1  t 2H20  + 2C12  does  appear  to  be  valid  for 
silicon  oxidation  in  HC1 /02  mixtures. 

2.  The  equilibrium  of  the  above  relationship  is  established  very  rapidly, 
since  identical  results  were  obtained  starting  with  equivalent  amounts 
of  either  HC1  (+02)  or  H20  + Clg. 

3.  The  reaction  of  02  + HCl  goes  to  completion  at  1200°C  or  above.  Gas 
phase  thermodynamics  apparently  does  not  predict  this,  but  in  the  silicon 
oxidation  system  the  Si 02  may  provide  a catalytic  effect  which  reverses 
the  thermodynamic  predictions. 

4.  At  high  temperatures  (1200°C),  the  oxidation  rate  in  HCl /02  mixtures  is 
determined  by  the  oxygen  and  water  concentrations.  Therefore  the  rate 
increase  (compared  to  02  oxidation  above),  is  maximum  in  accordance  with 
the  combination  relationship. 

5.  At  lower  temperatures  (900°C),  the  rate  increase  due  to  HCl  additions 
to  02  is  less.  Apparently  CU  tends  to  retard  the  reaction  at  the 
Si-Si02  interface  and  at  low  temperatures  the  oxidation  is  dependent 
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in  large  part  on  this  interface  reaction. 

6.  The  oxidation  is  not  affected  to  any  extent  by  HC1  itself,  only  by  the 
reaction  products  H^O  and  Cl 2 • 

7.  Chlorine  diffuses  towards  the  Si-SiO^  interface  during  the  oxidation 
process.  While  it  may  be  negatively  charged  during  the  high  temperature 
oxidation,  it  exhibits  no  charge  at  room  temperature. 

Details  of  the  above  investigation  will  be  reported  in  a forthcoming 
publication  [2.4]. 

B.  HqO  and  HCI/HqO  Pyrogenic  Steam  Oxidation  Kinetics 

The  kinetics  of  steam  oxidation  of  silicon  over  the  temperature  range 
900°  to  1100°C  was  investigated  using  a pyrogenic  system.  This  system 
involves  the  direct  reaction  of  Hg  and  O2  in  the  oxidation  furnace  to  form 
H^O.  It  was  found  that  such  a system  does  not  permit  100  percent  (760  Torr) 
water  to  be  produced.  Therefore,  a ratio  of  to  O2  was  selected  which 
provides  a vapor  pressure  of  water  equal  to  that  obtained  in  a previous 
investigation  where  O2  was  bubbled  through  95°C  H^O  [2.1].  This  1^0  pressure 
is  640  Torr. 

A log-log  plot  of  oxide  thickness  versus  oxidation  time  is  presented 
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in  Fig.  2-7  for  <11 1>  and  <100>  oriented  n-type  silicon  (C&  =10  cm  ). 

Data  from  [2.1]  obtained  at  1200°C  for  wet  02  are  also  included  in  the  figure, 
with  little  difference  between  <1 1 1 > and  <100>  silicon  being  observed  at  this 
temperature.  Data  were  also  obtained  in  the  pyrogenic  system  at  950°  and 
1050°C  but  are  not  included  in  Fig.  2-7  because  of  space  limitations. 
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Rate  constants,  B and  B/A,  were  obtained  and  are  plotted  versus  1/T 
in  Figs.  2-8  and  2-9.  Activation  energies  are  indicated  and  agree  reasonably 
well  with  previous  results.  In  the  case  of  the  linear  rate  constant,  B/A, 
a constant  ratio  of  1.68  is  obtained  between  the  pre-exponential  constants 
of  <111 > to  <100>  oriented  silicon.  On  the  other  hand,  the  B/A  activation 
energies  of  the  two  orientations  (2.05  eV)  are  equal. 

Included  in  Figs.  2-8  and  2-9  are  corresponding  data  for  dry  02  oxida- 
tions. The  one  important  observation  is  that  previously  the  < 1 00 > Si  B/A 
activation  energy  data  for  dry  02  did  not  permit  a straight  line  to  be  drawn 
through  the  scattered  points.  If  the  constant  <1 1 1 >/<l 00>  ratio  of  1.68 
from  steam  oxidation  is  assumed,  then  a plot  can  be  forced  through  the  dry 
02  <100>  data  points.  This  has  been  done  in  Fig.  2-9  and  a reasonable  fit 
for  the  data  results. 

Oxidations  in  H20  with  additions  of  5 volume  percent  HC1  were  carried 
out  over  the  temperature  range  900°  to  1100°C.  Not  only  did  the  oxidation 
rate  not  increase,  it  actually  decreased.  This  decrease  was  found  to  be 
approximately  5 percent,  the  same  amount  as  the  HC1  added.  It  was  therefore 
concluded  that  the  addition  of  HC1  to  an  H20  oxidation  ambient  only  serves  to 
dilute  the  oxidizing  species.  On  the  other  hand,  the  presence  of  the  HC1 
provides  a cleaning  action,  and  the  oxides  produced  exhibit  much  less  con- 
tamination effects. 
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c. 


Thermal  Oxidation  of  Heavily  Phosphorus  Doped  Silicon  - Experimental 
Results  and  Empirical  Models 

A brief  review  of  general  oxidation  theory  indicates  qualitatively 
what  may  be  expected  in  the  case  of  heavily  doped  substrates  or  diffused 
regions.  The  macroscopic  model  of  Deal  and  Grove  [2.1]  for  silicon  oxida- 
tion by  water  or  dry  oxygen  involves  the  diffusion  of  the  oxidizing  species 
from  the  ambient  through  an  existing  oxide  to  react  with  silicon  at  the 
Si/Si02  interface.  Analysis  based  upon  requiring  continuity  of  steady- 
state  flux  of  the  oxidant  through  the  ambient/oxide/interface  structure 
yields  the  familiar  linear-parabolic  growth  relationship 


+ 


t + T 


(2.4) 


where  the  terms  have  the  same  meaning  as  in  Eq.  2.1. 

For  thick  oxides  and  oxidation  times  long  relative  to  a characteristic 
2 

time  A /4B,  the  first  term  on  the  left  hand  side  of  Eq.  2.4  dominates, 
resulting  in  parabolic,  diffusion  limited  growth.  Under  these  conditions, 

B is  the  dominant  rate  constant  and  is  given  by 

B = 2DeffC*/N1  (2.5) 

where  De^  = effective  diffusion  coefficient  of  the  oxidant  in  the  oxide, 

★ 

C = equilibrium  concentration  of  the  oxidant  in  the  oxide,  and  N-j  = number 
of  oxidant  molecules  incorporated  per  unit  volume  of  oxide  grown.  B exhibits 
an  Arrhenius  temperature  dependence  with  activation  energies  of  1.2  eV  for 
dry  02  and  0.71  eV  for  H20,  apparently  reflecting  the  activation  energies 
for  the  diffusivity  of  02  and  H20,  respectively,  in  Si02  [2.1]. 


2C 


2 

For  thin  oxides  and  oxidation  times  short  relative  to  A /4B,  the 
second  term  on  the  left  hand  side  of  Eq.  2.4  dominates,  resulting  in 
linear  interface  reaction  limited  growth.  B/A  is  the  governing  rate  con- 
stant under  these  conditions  and  is  given  by 


B _ kh  C*  . 

A k + h N1  K N, 


(2.6) 


where  h = gas  phase  transport  coefficient  for  the  oxidizing  species  from 
the  ambient  to  the  outer  oxide  surface  and  k = Si/SiO^  interface  reaction 
rate  constant.  An  activation  of  energy  of  2 eV  is  observed  for  B/A  for 
both  dry  and  F^O  ambients,  apparently  determined  by  the  energy  required 
to  break  a Si-Si  bond  [2.1,  2.8]. 

In  an  idealized  interpretation,  then,  factors  likely  to  influence  the 
interface  reaction  rate  should  alter  B/A,  while  those  affecting  oxidant 
diffusion  will  change  B.  Sufficiently  high  impurity  levels  in  the  substrate 
should  be  expected  to  modify  the  interface  reaction.  Similarly,  high  impurity 
content  in  the  oxide  may  affect  diffusivity  of  the  oxidizing  species.  The 
relative  magnitudes  of  such  effects  should  depend  on  the  particular  impurity 
involved  and  its  behavior  during  oxidation. 

Specifically,  phosphorus,  as  with  the  other  commonly  used  donor  impuri- 
ties arsenic  and  antimony,  diffuses  more  slowly  in  the  oxide  than  in  the 
silicon  and  tends  to  segregate  at  the  interface  in  favor  of  greater  phosphorus 
levels  on  the  silicon  side.  As  a result,  a pile-up  of  phosphorus  at  the  inter- 
face to  levels  greater  than  bulk  concentrations  in  the  silicon  may  occur 
during  oxidation,  with  relatively  much  lower  levels  in  the  oxide.  In  addi- 
tion, the  pile-up  should  be  more  substantial  for  H^O  than  for  dry  0 ^ 
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oxidation  due  to  even  slower  diffusion  relative  to  oxide  growth  rates  [2.9]. 

Therefore,  oxidation  regimes  dominated  by  the  linear  rate  constant 
should  exhibit  greater  dependence  on  heavy  phosphorus  doping  level  than 
should  regimes  dominated  by  the  parabolic  rate  constant.  Shorter  oxidations 
which  are  interface  reaction  rate  limited  should  show  greater  variation  with 
heavy  phosphorus  doping  than  should  longer  oxidations  which  are  diffusion 
limited.  The  influence  of  heavy  phosphorus  doping  via  large  B/A  variations 
should  also  diminish  or  saturate  with  increasing  oxidation  temperature,  since 
diffusion-limited  oxidation  dominates  at  shorter  oxidation  times  with  increas- 
ing temperature. 

Overall,  then,  this  qualitative  model  indicates  that  greater  influence 
of  heavy  doping  levels  of  phosphorus  (and  also  arsenic  and  antimony)  should 
be  seen  at  shorter  oxidation  times  and  lower  oxidation  temperatures,  and 
that  these  effects  should  be  greater  for  HgO  than  for  dry  oxygen  oxidations. 
The  validity  of  this  simple  model  for  the  enhanced  oxidation  rates  observed 
over  N+  regions  will  now  be  considered  quantitatively. 

An  extensive  series  of  oxidations  were  done  in  a dry  0^  ambient  at  tem- 
peratures of  800,  900,  1000,  and  1100°C.  The  data  produced  are  shown  in 
Figs.  2-10  and  2-11  as  oxide  thickness  vs.  oxidation  time  curves  for  each  of 
five  heavily  doped  sample  types  and  the  lightly  doped  control.  At  each 
temperature,  the  bottom  curve  represents  the  lightly  doped  control  and  agrees 
well  with  published  data  for  <11 1 > substrates,  while  the  additional  curves 
represent  the  heavily  doped  samples,  in  order  of  increasing  substrate  doping. 
Specific  doping  levels  are  indicated  in  Table  I.  Both  SIMS  and  AES  techniques 
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were  used  to  measure  chemical  phosphorus  concentration  C^;  spreading  resis- 
tance and  anodic  oxidation  techniques  were  used  to  measure  the  electically 
active  concentrations 

The  data  in  Figs.  2-10  and  2-11  already  lends  qualitative  support  to 
the  predictions  based  on  the  simple  interpretations  of  doping  effects  pre- 
sented earlier.  Clearly  the  greatest  relative  variations  of  oxide  thickness 
occur  at  the  shorter  times  and  lower  temperatures,  the  regions  in  which  the 
interface  reaction  and  hence  B/A  are  expected  to  dominate,  indicating  that 
the  increasing  substrate  phosphorus  level  has  a very  strong  effect  on  the 
interface  reaction.  At  the  longer  times  and  higher  temperatures,  in  the 
diffusion-limited  regime,  substantially  less  variation  of  thickness  with 
doping  is  seen,  implying  that  oxidant  diffusion  and  the  parabolic  rate  con- 
stant are  influenced  to  a much  smaller  extent  by  the  increasing  substrate 
phosphorus  levels.  Indeed,  a few  selected  oxidations  at  1200°C,  when  the 
characteristic  time  A^/4B  for  lightly  doped  substrate  oxidations  is  only 
about  0.5  minutes  and  therefore  oxidation  is  effectively  entirely  B domi- 
nated, produced  essentially  no  variation  of  oxide  thickness  with  increasing 
phosphorus  doping  that  could  be  resolved  within  the  limits  of  interferometer 
accuracy. 

The  variation  of  the  effective  B/A  and  B values  with  increasing  initial 
substrate  total  chemical  phosphorus  concentration,  representatively  illus- 
trated in  Fig.  2-12  for  900°C  dry  02  oxidation,  exhibits  dramatically  the 
expected  behavior.  B/A,  reflecting  interface  reaction-limited  oxidation, 
increases  sharply  by  more  than  an  order  of  magnitude  as  the  phosphorus  level 
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rises  toward  solid  solubility.  On  the  other  hand,  B,  which  represents  the 
diffusion-limited  regime,  is  affected  only  slightly  by  the  increasing  sub- 
strate phosphorus  doping.  Clearly,  the  predictions  of  the  simplified  inter- 
pretations presented  have  been  convincingly  confirmed.  We  now  consider  the 
effects  on  B/A  and  B in  detail. 

i ) Linear  Rate  Constant 

The  temperature  dependence  of  B/A  is  shown  in  Fig.  2-13,  where 
log  (B/A)  is  plotted  against  1/T  with  substrate  doping  level  as  a parameter. 
The  lowest  points  are  the  values  found  for  the  lightly  doped  control  samples, 
while  the  higher  points  correspond,  respectively,  to  the  increasingly  heavily 
phosphorus  doped  substrate  types  used.  To  a reasonable  approximation,  Arrhen- 
ius temperature  dependence  may  be  assumed  for  the  effective  B/A  values  corre- 
sponding to  each  substrate  doping  level,  leading  to  the  least-squares  fitted 
lines  and  apparent  activation  energies  of  the  figure. 

High  impurity  levels  may  produce  the  large  increases  of  effective  B/A 
by  altering  the  activation  energy  and/or  the  pre-exponential  factor.  Appar- 
ently the  basic  limiting  activation  energy  of  approximately  2 eV  associated 
with  the  interface  reaction  is  not  substantially  altered  by  the  high  phos- 
phorus levels,  while  significant  dependence  on  dopant  concentration  may  be 
found  in  the  pre-exponential  factor.  A physical  explanation  for  this  rela- 
tively constant  activation  energy  will  be  given  later  in  this  report. 

Some  indication  ot  the  nature  of  this  dependence  may  be  gained  via 
examination  of  the  variation  of  B/A  with  concentration  at  a given  temperature, 
as  was  done  in  Fig.  2-12  for  900°C.  The  sharp  increase  of  the  linear  rate 
constant  suggests  an  exponential  dependence  on  Cg-,  the  initial  chemical  sub- 
strate phosphorus  concentration,  a possibility  that  is  tested  further  by 
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investigating  the  variation  of  log  (B/A)  with  in  Fig.  2-14.  Evidently 
log  (B/A)  eventually  exhibits  roughly  a linear  dependence  on  Cg£,  and  hence 
B/A  an  exponential  dependence  on  Cgc,  at  each  given  temperature,  but  only 
after  a stronger  initial  increase.  There  may  be  a slight  temperature  depen- 
dence in  the  magnitude  of  this  initial  increase,  but  to  a large  extent  the 
substrate  background  phosphorus  concentration  dependence  is  very  similar  at 
all  temperatures. 

Clearly,  many  closed-form  relationships  for  this  Cgc  dependence  may  be 
used  to  approximate  this  data  to  varying  degrees  of  complexity,  in  the 
absence  of  an  accurate  physical  model  for  that  dependence.  A fairly  simple 
form,  producing  a reasonable  first  order  approximation,  might  be 


(B/A) 


Coe 


-E-j/kT 


(B/A) ' - 1 * k^V2^ 


(2.7) 


-Ei /kT 

where  CQe  is  the  published  temperature  dependence  of  the  linear 

rate  constant  for  lightly  doped  substrates  with  E-j  = 2 eV  [2.1].  Thus,  the 
exponential  eventually  dominates,  but  the  power  law  dependence  produces  the 
stronger  initial  increase.  Optimal  k1  and  k^  values  may  be  found  by 
rewriting  Eq.  2.7  in  the  alternative  form 
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Plotting 


log 


(B/A)'  - 1 


L BC 


vs.  C 


BC 


should  therefore  produce  a linear  depen- 


dence with  intercept  log  k-j  and  slope  k£,  for  an  appropriate  value  of  n-j . 

Such  analysis  indicates  that  a value  of  n-j  = 0.5  - 1.0  should  be  used,  with 
n.j  = 0.5  giving  particularly  consistent  linear  dependences.  Thus,  the  curves 
plotted  together  with  the  experimental  B/A  values  in  Fig.  2-14  have  been  cal- 
culated using  n^  = 0.5  and  the  resulting  appropriate  k^  and  k^  values.  Agree- 
ment appears  very  reasonable.  The  fitted  k.|  and  k2  values  are  presented  vs. 
1/T  in  Fig.  2-15,  confirming  that  the  temperature  dependence  is  relatively 
slight  when  compared  with  the  overall  dependence  of  B/A.  In  fact,  approp- 
riate constant  values  of  k-j  and  V.2  independent  of  T conceivably  could  be 

used  for  all  temperatures.  While  agreement  not  surprisingly  is  not  as  good, 

-11  T/?  -21  3 

using  values  of  k-j  = 5.9  x 10  cm  ' and  k^  = 3.0  x 10  cm  gives  reas- 
onable agreement  with  the  experimental  results  over  the  entire  temperature 
range  investigated.  Use  of  eg.  2.7  with  these  values  for  k-j , k2  and  n, 
allows  calculation  of  effective  linear  rate  constants  for  arbitrary  substrate 
phosphorus  doping  levels. 


i i ) Parabolic  Rate  Constant 

B has  been  found  to  be  a much  weaker  function  of  high  phosphorus 
concentrations.  Nevertheless,  it  does  appear  to  increase  somewhat  with  con- 
centration, as  seen  in  Fig.  2-16,  where  log  B is  plotted  vs.  1/T  with  sub- 
strate doping  as  a parameter.  At  each  temperature,  the  lov/est  point  repre- 
sents the  lightly  doped  control  while  the  higher  points  correspond  to  the 
heavily  doped  samples.  It  is  apparent  that,  unlike  the  case  for  B/A,  the 
concentration  dependence  of  B varies  significantly  with  temperature.  Dopant 
level  has  a greater  effect  at  lower  temperatures  and  virtually  no  effect  at 
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1100°C.  Also,  for  a given  doping  level,  the  net  temperature  dependence  is 
not  readily  reconcilable  with  a single  activation  energy  Arrhenius  relation, 
implying  changes  in  activation  energy  and  a temperature-dependent  pre-exponen- 
tial factor,  or  addition  of  a new,  phosphorus-related  term  with  different 
activation  energy.  Fig.  2-17,  presenting  log  B vs.  Cg^  with  temperature  as 
parameter,  emphasizes  this  additional  temperature  dependence.  Further,  the 
dopant  concentration  effects  at  a given  temperature  become  evident.  As  sub- 
strate doping  level  increases  (and  consequently  the  lower  phosphorus  level 
in  the  oxide  also  rises),  B first  increases  rapidly  and  then  begins  to  "sat- 
urate," increasing  only  very  slowly,  if  at  all. 

As  with  B/A,  a convenient  closed-form  approximation  of  the  B variations 
may  be  made.  For  convenience,  no  new  explicit  T dependence  is  included,  but 
the  fitted  "constants"  should  then  reflect  any  dependence  thus  hidden.  The 
initial  rapid  rise  and  subsequent  sluggishness  suggest  a possible  power  law 
dependence  on  dopant  levels.  Initial  substrate  phosphorus  level  is  used  as 
the  variable  for  this  analysis,  though  actual  levels  in  the  oxide  should  be 
more  directly  relevant,  as  discussed  in  [2.5]. 

J /kT  = B = 1 + k3CBC  2 (2.9) 

Boe 

-E2/kT 

where  BQe  is  the  published  temperature  dependence  of  the  parabolic 

rate  constant  for  lightly  doped  substrates  with  E2  = 1.2  eV  for  dry  02  [2.1]. 
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Appropriate  k3  and  n2  values  may  be  extracted  in  a manner  analogous  to 
Eq.  2.8.  This  approach  was  used  with  the  extracted  B values  for  800,  900, 
and  1000°C,  with  surprisingly  good  linear  relations  found.  The  calculated 
curves  in  Fig.  2-17  illustrate  the  very  reasonable  fit  to  the  extracted  B 
values  produced  by  the  above  relation  with  the  k3  and  n2  values  shown  vs. 
1/T  in  Fig.  2-18.  The  expected  additional  T dependence  is  clearly  evident 
in  kj  and  possibly,  to  a lesser  extent,  in  n2>  A new  additional  activation 
energy  is  strongly  suggested,  and  this  will  be  explored.  Until  a model 
related  to  basic  physical  phenomena  is  derived  to  explain  these  effects  on 
B,  eq.  2.9  can  be  used  to  calculate  effective  parabolic  rate  constants  for 
substrates  with  arbitrary  phosphorus  doping  levels. 


D . Physical  Modeling  of  the  Thermal  Oxidation  of  Heavily  Doped  Silicon 
A considerable  body  of  kinetic  data  was  presented  in  the  previous 
section  for  the  thermal  oxidation  of  heavily  phosphorus  doped,  <111>  oriented 
silicon  in  dry  oxygen.  The  observed  enhancement  of  oxidation  rate  for  the 


heavily  doped  substrates,  when  reduced  to  the  effective  rate  constants  B and 
B/A  of  the  Deal  and  Grove  macroscopic  oxidation  model,  was  shown  to  be  mani- 
fested primarily  in  a substantial  increase  of  the  linear  rate  constant  B/A, 
implying  significant  change  of  the  Si-Si02  interface  reaction  rate,  though 
apparently  with  only  slight  effect  on  the  associated  effective  activation 
energy  of  - 2 eV.  This  section  will  describe  a model  based  upon  fundamental 
physical  parameter  which  we  believe  can  be  used  to  explain  these  observations. 

Consideration  of  the  possible  physical  mechanisms  by  which  these 
increases  of  B/A  may  be  produced  has  included  qualitatively  chemical,  elec- 
trical, and  even  mechanical  effects  of  the  doping.  The  relative  importance 
of  these  postulated  effects  would  be  more  evident  if  the  precise  nature  of 
the  interfacial  oxidation  reaction  were  known. 
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In  this  regard,  Dobson  [2.10,  2.11]  has  suggested  that,  since  oxida- 
tion occurs  by  the  flow  of  oxygen  through  the  oxide  to  the  Si-S^  inter- 
face, the  interface  reaction  may  proceed  by  an  oxygen  atom's  filling  a 
silicon  lattice  vacancy  at  the  interface  to  annihilate  a silicon  vacancy 
and/or  the  oxygen  atom's  occupying  a silicon  site  to  create  a silicon  inter- 
stitial. Thus,  an  overall  flow  of  material  (silicon  atoms)  away  from  the 
interface  into  the  substrate  may  occur  by  either  a vacancy  flux  to  the  inter- 
face from  the  substrate  ind, or  an  interstitial  flux  into  the  substrate  ^rom 
the  interface  to  incorporate  the  growing  oxide.  In  fact,  consideration  of 
the  atomic  structure  of  the  Si -Si02  interface  clearly  demonstrates  that  this 
effective  movement  of  Si  atoms  away  from  the  interface  must  occur  to  "make 
room"  for  the  oxygen  atoms. 

Expansion  upon  these  possibilities  leads  to  the  several  possible  Si 
vacancy  and  interstitial  mechanisms  indicated  in  Fig.  2-19  that  may  be 
involved  in  the  interfacial  oxidation  reaction.  For  example,  interstitials 
may  be  generated  in  the  interface  reaction,  to  flow  into  the  bulk  Si,  as 
Dobson  speculates;  alternatively,  some  of  these  interstitials  may  move  out- 
ward into  the  oxide,  perhaps  to  meet  and  react  with  the  incoming  oxygen  spe- 
cies. In  addition.  Si  vacancies,  whether  generated  at  the  interface  and/or 
flowing  to  the  interface  from  the  bulk  Si,  may  provide  reaction  sites  for 
the  oxygen  species  at  the  interface. 

Should  any  or  all  of  these  Si  defect-related  possibilities  exist,  then 
indeed  the  statistics  of  point  defects  in  the  crystalline  silicon  substrate, 
and  their  dependence  upon  such  substrate  parameters  as  doping  level,  become 
relevant  to  the  oxidation  process.  The  relative  contributions  and  possible 
dominance  of  the  various  defect  mechanisms  should  vary  with  these  substrate 
parameters. 
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In  this  regard,  while  apparently  relatively  little  quantitative  data  on 

interstitials  has  been  gathered,  considerable  work  on  vacancy  statistics  may 

be  found  in  the  literature.  For  example,  vacancies  are  found  to  exist  in 

neutral  (V  ) and  charge  states  (V  , V”,  V ).  In  thermal  equilibrium,  the 

neutral  vacancy  concentration  C is  a function  of  temperature  only,  while 

Vx 

the  charged  vacancy  concentrations  are  dependent  on  C , the  Fermi  level  EF, 

yx  r 

the  ionized  vacancy  energy  levels  (E  E , E ) in  the  bandgap,  and  temper- 

V V"  V 

ature  [2.12].  At  sufficiently  high  doping  levels,  Ef  will  vary  from  the 
intrinsic  level  E^  even  at  oxidation  temperatures;  the  charged  vacancy 
concentrations,  and  therefore  the  total  equilibrium  vacancy  concentration, 
will  vary  from  their  intrinsic  concentrations  (i.e.,  concentrations  at  lower 
doping  levels  for  which  Ep  = E.j)  [2.13]. 

If  vacancies  do  contribute  to  the  interface  oxidation  reaction  then,  a 
significant  effect  of  heavy  substrate  doping  level  on  the  interface  reaction 
rate  may  very  well  be  an  electrical  one  - the  shifting  of  the  Fermi  level  to 
alter  the  vacancy  concentrations. 

A first-order  calculation  may  now  be  done  to  test  the  validity  of  this 
interpretation.  The  interface  oxidation  reaction  rate,  as  reflected  in  the 
linear  rate  constant  B/A,  may  be  the  result  of  multiple  "additive"  mechanisms, 
one  of  which  is  postulated  to  be  a vacancy  mechanism.  Thus,  B/A  = R1  + F^, 
where 

R^  = all  other  contributions;  e.g.,  a Si  interstitial  contribution 

R?  = KCy  = Si  vacancy  contribution 
c VT 

and  Cy  is  the  total  vacancy  concentration. 

VT 


(For  simplicity,  the  charge  states  of  the  vacancies  have  been  neglected  and 

only  Cw  considered.  In  fact,  the  dominant  charge  state  and  concentrations 
VT 

will  depend  on  Fermi  level  position  and  therefore  on  the  nature  of  dopant, 
n-  or  p-type.  This  dependence  would  demand  consideration  should  charge  state 
prove  to  be  a determining  factor  in  the  vacancy  contribution.  Thermal  equil- 
ibrium is  assumed,  and  the  contribution(s)  in  R,  are  assumed  relatively 
unaffected  by  heavy  doping  electrical  effects. 

For  substrates  of  low  doping  levels  less  than  the  intrinsic  carrier  con- 
i' 

centration  n^ (T),  where  Ep  = E..  and  = Cy  , 


(B/A)1  = R]  + KCV^=  ^e 


-2.0/kT 


(2.10) 


For  substrates  of  heavy  doping  levels  such  that  n / n^ (T),  where 


Ep  i E^  and  Cy  / Cy  , 


(B/A)  = R1  + KCy 


Rewriting  and  suitable  manipulation  produces 


(2.11) 


(B/A)  = (3/A)1  1 + 


w < 


+2.0/kT/_H[  _ ] 


(2.12) 


log  (B/A)/(B/A)  - 1 = 

^(B/A?^  J 


JLjc1  e+2' 

Ci  > \ 


0/kT  + 


(2.13) 
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So,  if  in  fact  a direct  correlation  exists  between  the  effective  (B/A)  and 

silicon  vacancies,  then  log  ^(B/A)'-lj  should  be  linearly  related  to 

log  k - l]  with  slope  = 1 , as  both  vary  with  electrically  active  heavy 

+2.0/kT"| 

j 

(B/A)  has  been  determined  experimentally  for  heavy  phosphorus  doping 

I 

and  corresponding  measured  "bulk"  n > n.  values  (Fig.  2-13).  C,,  (n  > n.) 

1 vT  i 

may  be  calculated  directly  from  vacancy  statistics,  to  varying  levels  of 
rigor.  For  a first  approximation,  mass-action  balance  is  assumed  and  degen- 
eracy effects  neglected,  to  give 


T 

doping  levels,  with  constant  (relative  to  doping)  offset  log  K i 


(2.14) 


from  which  C,.  may  be  found  readily  from  published  values  for  n, , E.,  E .. 

VT  1 1 v 

E , and  E at  relevant  oxidation  temperatures  (but  with  no  need  to  assume 
V'  V“ 

I 

values  for  C , which  cancels  out  of  C„  . 

Vx  VT 

When  the  experimental  log  £(B/A)'  - ij  is  compared  to  the  calculated 
log  |^CV  - 1 ] , for  heavy  n > n^,  the  relation  is  found  indeed  to  be  linear, 

with  slope  ~ 1,  to  reasonable  approximation  at  each  of  the  temperatures  800, 
900,  1000,  and  1100°C  for  which  (B/A)  values  are  available,  lending  credence 
to  the  postulated  existence  of  a Si  vacancy  contribution  to  the  effective 
linear  rate  constant. 


32 


If,  for  the  moment,  the  validity  of  this  vacancy  contribution-multiple 
mechanism  system  is  assumed,  then  the  accurate  modeling  of  enhanced  B/A 
values  found  for  the  oxidation  of  heavily  phosphorus-doped  silicon  is 
straightforward.  Fitting  lines  of  slope  = 1 to  the  log  [(B/A)  - lj  vs. 
logjCy  - lj  plots  determines  the  value  of  the  only  previously  unknown  and 
therefore  effectively  the  single  fitted  parameter  of  this  vacancy  contribu- 
tion model,  the  offset  log  K CJ  e+2-0/kT  ^ 2.13.  The  resulting  values, 

VT 

shown  in  Fig.  2-20,  appear  very  reasonably  approximated  as  an  activated  pro- 
cess, for  which 


k'cJ  * 2.62  x 103  e"3J0/kT 
VT 


(2.15) 


With  this  one  fitted  parameter,  then,  the  B/A  dependence  on  heavy  phos- 
phorus doping  levels  through  n > n^ , and  a temperature  T,  may  be  calculated 
directly  from  basic  physical  parameters  and  their  published  values.  Compari- 

I I 

sons  of  these  calculated  (B/A)  curves  with  experimental  (B/A)  data  points 
as  functions  of  n are  presented  in  Figs.  2-21  to  2-24,  for  oxidation  temper- 
atures of  300-1100°C,  respectively.  Agreement  appears  reasonable  in  all 
cases.  Thus,  assumption  of  a vacancy  contribution  to  the  interface  reaction 
(and  not  considering  possible  vacancy  charge  states  and  degeneracy  effects,  to 
this  point)  yields  an  adequate  quantitative  model  for  the  observed  (B/A)  depen- 
dence in  heavy  substrate  phosphorus  doping  by  utilizing  a single  fitted  para- 
meter with  published  physical  parameters. 

The  proposed  vacancy  contribution  has  been  found  to  be 


KCy  = KCy  Cw  = C,  K Cy  Cy 
VT  VT  VT  1 VT  T 


(2.16) 
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Since  Cw  indicates  the  dependence  on  doDing  level  of  the  total  equili- 
VT 

brium  vacancy  concentration,  regardless  of  ongoing  oxidation,  it  seems 

> i 

reasonable  to  assume  that  C,  K C„  must  therefore  reflect  the  nature  of 

VT 

the  vacancy  contribution  to  the  interface  oxidation  reaction,  regardless 

of  doping  level.  Specifically,  then,  the  energetics  of  the  fitted  parameter 
■ i i 

K Cw  may  be  revealing.  Cv  may  be  calculated  from  and  follows  very  closely 
VT  VT 

the  Arrhenius  temperature  dependence  of  C (a  quantity  that  has  not  been 

Vx 

needed  in  the  analysis  to  this  point).  Physical  interpretation  of  the  vac- 
ancy contribution  will  therefore  be  dependent  on  the  precise  determination 

of  the  behavior  of  C with  temperature. 

Vx 

Van  Vechten  and  Thurmond  [2.14]  conclude  from  quenching  data  that 


-(2.4  ± 0.  2 )/kT  ' i 

C a e ’ . The  observed  behavior  of  K C..  would  then  necessi- 

VX  T 

I 

tate  an  additional  K temperature  dependence.  Since  Van  Vechten  [2.15]  also 
indicates  that  vacancy  migration  requires  an  additional  (1.2  ±0.3)  eV, 

I 

regardless  of  charge  state,  K may  possibly  be  related  to  vacancy  diffusi- 

■ i 

vity.  So,  the  vacancy  contribution  reflected  in  K C.,  may  indeed  consist  of 

VT 

a vacancy  flux  to  the  interface,  entirely  consistent  with  Dobson's  speculation. 

-3.4/kT 

On  the  other  hand,  Seidel  and  MacRae  [2.16]  oropose  that  C cx  e 

Vx 

In  this  event,  the  vacancy  contribution  may  oossibly  be  linked  to  vacancy 
generation  at  or  near  the  interface,  as  K*  would  then  seem  temperature  insen- 
sitive. In  either  case,  the  3.1  eV  activation  energy  in  eq.  2.15  and  in 
Fig.  2-20  seems  to  tie  in  well  with  independently  measured  physical  parameters, 
again  lending  credence  to  the  overall  vacancy  model  presented  here. 
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Also  in  either  case,  a vacancy  situated  at  the  interface  presumably  contri- 
butes to  the  interface  reaction  by  providing  a site  for  an  oxygen  species  to 


occupy. 

Overall,  then,  should  the  effects  cf  heavy  substrate  doping  prove  to  be 
Si  vacancy-linked,  as  suggested  here,  it  would  appear  that  the  interface  oxi- 
dation reaction,  discussed  so  frequently  to  date  only  in  terms  of  the  breaking 

of  a Si-Si  bond,  may  actually  result  from  multiple  contributors  - both  a vac- 
» 

ancy  term  and  the  other  contributors  that  have  been  grouped  together  as  R-|  in 
this  analysis.  Fig.  2-25  compares  the  total  ( B/A ) 1 = R-j  + KCy  with  the  vac- 
ancy term  KCU  , for  several  heavy  n values,  alone.  It  is  evident  that  for 
VT 

lightly  doped  substrates  with  n=n^(T)  the  vacancy  term  makes  negligible  con- 
tribution to  the  overall  (B/A)1,  and  the  mechanism(s)  in  must  dominate  to 
produce  the  overall  apparent  (B/A)  activation  energy  of  2.0  eV.  Possibly, 
as  proposed  by  Dobson,  interstitial  flow  into  the  substrate  may  be  signifi- 
cant. As  further  suggested  in  Fig.  2-19,  perhaps  some  interstitials  may 
move  into  the  oxide.  (Such  a flow  would  then  very  probably  be  intimately 
related  to  the  observed  oxide  charge  Qss  that  has  been  discussed  as  incom- 
pletely oxidized  silicon  atoms.)  Or,  perhaps  even  the  breaking  of  a Si-Si 
bond  may  be  the  limiting  step  of  the  interface  oxidation  reaction  under  low 
doping  level  conditions. 

As  substrate  doping  levels  increase  such  that  n > n..(T),  and  if  as 
assumed  the  R-j  contributors  are  relatively  unaffected  by  increasing  elec- 
trical effects  of  heavy  doping,  then  the  vacancy  mechanisms  suggested  in 
Fig.  2-19  increase  in  magnitude  and  become  proportionately  more  significant 
until  they  begin  to  dominate  at  sufficiently  high  n values,  as  illustrated 
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rather  strikingly  in  Fig.  2-25.  It  is  the  P.-j  tern  that  now  makes  the  smaller 
contribution  and  ultimately  may  be  neglected.  The  dominant  increased  magni- 
tude and  apparent  reduced  activation  energy  of  the  vacancy  contribution  under 
such  conditions,  due  to  shifting  of  the  Fermi  level  Ep  by  the  heavy  substrate 
doping  even  at  oxidation  temperatures,  then  produces  an  apparent  increase  of 
the  linear  rate  constant  (B/A)  "pre-exponential  factor"  with  little  apparent 
change  of  the  effective  activation  energy  from  - 2 eV.  The  similarity  of 
this  behavior,  remarkable  because  of  the  proposed  shift  from  one  to  another 
dominant  mechanism(s)  as  substrate  doping  increases,  can  be  compared  with  the 
experimentally  determined  (B/A)  behavior  in  Fig.  2-13.  The  agreement  is  evi- 
dent. We  are  currently  actively  oursuinq  verification  of  this  vacancy  model. 

If  proven  to  be  correct,  it  should  allow  analytic  prediction  of  oxidation 
kinetics  under  a wide  range  of  process  conditions  not  well  modelled  at  present. 

E.  Oxide  Charge  Effects 

We  are  starting  the  phase  of  the  overall  program  where  an  attempt  will 
be  made  to  incorporate  oxide  charges  into  the  process  modeling  computer  pro- 
gram, possibly  even  into  the  oxidation  general  relationship.  The  charges 

most  closely  associated  with  the  oxidation  process  are  Q$$,  fixed  oxide 

★ 

charge,  and  the  structural  type  of  Nst,  interface  states.  These  along 
with  the  other  two  oxide  charge  types,  are  indicated  in  Fig.  2-26,  which 
shows  their  location  in  the  oxidized  silicon  structure. 

Quite  a little  is  already  known  about  the  relationship  of  Q$s  to 
process  conditions.  This  information  is  included  in  [2.17].  A short  set 
of  experiments  was  carried  out,  however,  to  familiarize  current  personnel 
with  the  sensitivity  of  Qs$  to  high  temperature  anneal  and  cooling 

*0ther  types  of  interface  states  include  metallic  impurity  induced  states, 
radiation  induced  states,  and  those  caused  by  high  currents  or  voltages. 
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conditions  immediately  following  oxidation.  Results  are  summarized  in 

Table  II.  A series  of  oxides  was  prepared  in  dry  0^  at  1200°C  for  60 

minutes,  resulting  in  approximately  0.20  urn  thick  oxides.  Subsequent 

anneal  and  cooling  conditions  were  varied  according  to  the  final  column 

in  Table  II.  As  can  be  noted,  Qss/q  values  for  <1 1 1 > silicon  ranged  from 

1.60  to  7.90  x lO^1  cm"^,  while  <100>  values  ranged  from  0.20  to  2.65  x 
11-2 

’O  cm  . Similar  results  were  obtained  for  interface  state  densities 
( Ns t ) * W^1C^  will  t>e  in  a later  report.  The  main  conclusion  is  that 
extreme  care  should  be  used  in  controlling  process  conditions  wher.  oxide 
charges  are  being  studied. 

This  portion  of  the  program  involves  determining  Nst  (structural 
type)  dependence  on  process  conditions  and  comparing  the  results  with 
similar  Q$s  relationships.  Therefore,  a quasistatic  C-V  analysis  system 
has  been  assembled  [2.18].  Figure  2-27  contains  a schematic  description 
of  the  set-up.  The  analysis  program  has  been  optimized  and  Ns^.  densities 
across  the  middle  region  of  the  silicon  band  gap  can  be  determined  in  the 
range  10^  to  10^/cm^-eV.  is  now  being  determined  as  a function  of 
silicon  orientation  and  type,  oxidation  temperature,  time  and  ambient, 
annealing  and  cooling  conditions,  and  low  temperature  hydrogen  annealing 
conditions. 

Preliminary  results  are  indicated  in  Figs.  2-28  and  2-29.  The  depen- 
dence of  values  at  midgap  on  oxidation  temperature  for  <1 1 1 > and  <100> 
silicon  and  three  different  anneal/cool  conditions  is  shown  in  Fig.  2-28. 

In  this  case,  no  low  temperature  H2  anneal  has  been  employed.  The  interest 
ing  result  is  that  N$t  values  follow  the  same  trend  with  oxidation  tempera- 
ture as  does  Qs$,  i.e.  the  Qss/02  triangle  [2.19].  In  Fig.  2-29,  midgap 


values  of  Nst  for  a number  of  samples  are  plotted  against  Qss/q  for  both 
H2-annealed  and  no  low  temperature  anneal.  A definite  relationship 
between  Q$s  and  N$t  is  observed  for  both  cases.  These  results  help  to 
demonstrate  (a)  a common  origin  for  Q and  the  structural  type  of  N 
and  (b)  N$t  can  be  characterized  by  particular  oxidation  conditions. 
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Table  I 

Electrically  Active  and  Chemical  -CC-  Dopant 
Concentrations  in  Heavily  Phosphorus  Doped  Samples 


CBE  CBC 

Sample  SIMS AES 


A (~1015) 


B 

5.1 

X 

1019 

5.5 

X 

1019 

5.2 

X 

1019 

C 

7.2 

X 

1019 

1 .5 

X 

1020 

8.2 

X 

1019 

D 

1.8 

X 

ID20 

2.4 

X 

ID20 

2.8 

X 

1020 

E 

2.8 

X 

ID20 

4.5 

X 

1020 

5.0 

X 

1020 

F 

3.2 

X 

1020 

7.0 

X 

1020 

6.8 

X 

1020 
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TABLE  n 

ss  VARIATIONS  DUE  TO  POST-OXIDATION  VARIATIONS 


1.0, 


(111)  Si 
1000°C 


Fig. 2.2.  Oxide  thickness  versus  oxidation  time  for  the 
oxidation  of  (111)  and  (100)  oriented  n-type 
silicon  in  various  0->/H20  mixtures  at  1000°C. 
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THICKNESS  x0  (urn)  OXIDE  THICKNESS 


4 

VOLUME  PERCENT  H20  IN  02 


Fig.  2-4.  Parabolic  rate  constant  versus  volume  percent  H2O 
in  O2  for  oxidation  of  n-type  silicon  at  900°, 
1000°,  and  1100°C.  Data  are  for  both  (111)  and 
(100)  silicon  orientations. 


LINEAR  RATE  CONSTANT  B/A  (p.m/hr) 


Fig.  2-5.  Linear  rate  constant  versus  volume  percent  H2O  in 

0 2 for  oxidation  of  (111)  and  (100)  oriented  n-type 
silicon  at  900°,  1000°,  and  1100°C. 
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A Dry  02  (Exp) 


2 5 10  20 

OXIDATION  TIME  1 (hr) 


• 5 vol  % H20/02  (Exp) 
°5vol  % H20/02  (Calculated) 
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OXIDATION  Time  t (nr) 
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OXIOATION  TIME  I (hr) 


Fig.  2-6.  Oxide  thickness  versus  oxidation  time  for  the  oxidation 
of  (111)  oriented  n-type  silicon  at  900°,  1000°,  and 
1100°C  in  5 volume  percent  H2O/O2J  10  volume  percent 
HCI/O2,  and  dry  O2  mixtures.  Also  included  are  data 
for  5 volume  percent  H2O/O2  mixture  calculated  from 
£q  • C 3 1 « ao 
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Pig.  2-7.  Oxide  thickness  vs  oxidation  time  for  silicon 
oxidation  in  11,0  (040  Torr). 
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1000/T  (°K) 


R70610 


Fig.  2-8.  Dependence  of  parabolic  rate  constant  B on  temperature 
for  the  thermal  oxidation  of  silicon  in  pyrogenic 
H,0  (640  Torr)  or  dry  0,. 


LINEAR  RATE  CONSTANT  B/A  (jim/hr) 


TIME  (min) 

Oxide  thickness  vs.  oxidation  time  for  <111>  oriented  silicon 
in  dry  0?  ambient  with  substrate  phosphorus  doping  level  as 
parameter,  at  900  and  1100°C. 


Fiq.  2-14.  Linear  rate  constant  vs.  initial  substrate  chemical  phosphorus 
doping  level  with  oxidation  temperature  as  parameter. 


POSSIBLE  Si  VACANCY  AND  INTERSTITIAL  MECHANISMS 
INVOLVED  IN  INTERFACE  OXIDATION  REACTION 
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Fig.  2-19. 
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Fig.  2-21.  Comparison  of  calculated  linear  rate  constant  based  on  vacancy  model 
and  experimental  results.  800°C  dry  O2  oxidation,  <11 1 > phosphorus 
doped  substrates. 


OXIDATION 


Fig.  2-21.  Comparison  of  calculated  linear  rate  constant  based  on  vacancy  model 
and  experimental  results.  800°C  dry  O2  oxidation,  <11 1>  phosphorus 
doped  substrates. 
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Fig.  2-22.  Comparison  of  calculated  linear  rate  constant 

based  on  vacancy  model  and  experimental  results; 
900°C  dry  O2  oxidation,  <11 1>  phosphorus  doped 
substrates. 


iparison  of  calculated  linear  rate  constant  based 
vacancy  model  and  experimental  results;  1000°C 
0?  oxidation,  ^11 1>  phosphorus  doped  substrates 


OXIDATION 


Fig.  2-24.  Comparison  of  calculated  linear  rate  constant  based 
on  vacancy  model  and  experimental  results;  1100°C  dry 
0?  oxidation,  < 1 1 1 > phosphorus  doped  substrates. 


2-26.  Location  of  oxide  charges  in  thermally  oxidized 
silicon  structure. 


Net  (10  /cm  -eV) 


800  900  1000  1100  1200  1300 

OXIDATION  TEMPERATURE  (°C) 

Fig.  2-28.  Dependence  of  structural  Interface  states  Nst  on  dry  O 
oxidation  temperature  for  (111)  and  (ICO)  n-type  silicon 
Cooling  conditions  include  O2  3 sec  fast  pull  (FP),  O2 
10  min  slow  pull  (SP),  and  M2  2 min  slow  Dull  (SP).  All 
reported  values  of  Nst  are  at  midgap. 


NS|  (cm-2— eV*1) 
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CHEMICAL  VAPOR  DEPOSITION  OF  SILICON 
K.C.  Saraswat,  R.  Reif,  T.I.  Kamins  and  M.  Mandurah 


3.1  INTRODUCTION 

Chemical-vapor-deposition  of  silicon  is  one  of  the  most  important  pro- 
cesses used  for  fabrication  of  integrated  circuits.  Epitaxial  deposition  of 

crystalline  silicon  on  single  crystal  substrates  is  heavily  used  in  integrated 

2 

circuit  technologies,  such  as  bipolar,  I L,  DMOS,  VMOS,  oxide  isolation  and 
silicon  on  sapphire.  Deposition  of  polycrystall ine  silicon  has  been  the  single 
most  important  factor  in  the  success  of  silicon-gate  MOS  technology.  Thus  the 
control  and  predictability  of  chemical-vapor-deposition  of  single  crystal  and 
polycrystalline  silicon  is  of  utmost  importance  to  the  electronics  industry. 

One  of  the  major  areas  in  silicon  epitaxy,  which  has  been  so  far  rela- 
tively poorly  understood,  is  dopant  inclusion.  A model  for  the  dopant  inclu- 
sion into  silicon  epitaxial  films  is  being  developed  at  the  Stanford  Integrated 
Circuits  Laboratory  [3.1,  3.2,  3.3].  The  feasibility  of  determination  of 
transfer  function  of  the  dopant  system  of  a horizontal,  atomspheric-pressure, 
epitaxial  reactor,  by  transient  characterization  was  reported  in  the  last 
year's  annual  report  [3.4]  of  this  program.  The  growth  rate  dependence  of 
the  transient  and  steady  state  response  of  the  dopant  system  and  a physico- 
chemical model  for  the  dopant  incorporation  into  silicon  epitaxial  films  is 
presented  here  (section  3.2). 

The  transient  and  steady-state  response  of  the  dopant  system  were 
studied  at  different  growth  rates  to  learn  the  effect  of  the  growth  rate  on 
the  parameters  entering  into  the  transfer  function.  These  experiments  showed 


72 


the  presence  of  a kinetic  region  of  operation  in  which  the  rate-limiting 
step  seems  to  be  related  to  the  growing  surface.  In  the  physicochemical 
model  developed  the  different  mechanisms  entering  into  the  doping  process 
and  their  relative  importance  is  analyzed  using  the  model.  The  results 
which  were  obtained  from  the  transient  and  steady-state  study  are 
used  to  confirm  the  model.  It  is  shown  that  the  transient  and  steady- 

state  studies  provide  insights  into  different  aspects  of  the  dopant-incor- 
poration process.  The  transfer  function  H(s)  obtained  experimentally  in 
the  previous  paper,  together  with  the  growth-rate  dependence  of  its  para- 
meters K and  t,  are  derived  using  the  model. 

The  second  major  area  of  our  investigation  is  chemical -vapor-deposition 
of  silicon.  The  structure  of  silicon  films  deposited  by  low-pressure,  chem- 
ical vapor  deposition  in  the  600°C  temperature  range  has  been  investigated 
by  x-ray  diffraction  and  transmission  electron  microscopy.  There  is  a criti- 
cal temperature  near  600°C,  above  which  the  deposited  films  are  polycrystal- 
line and  below  which  amorphous  films  are  obtained.  This  temperature  is  close 
to  that  used  to  deposit  films  for  integrated-circuit  applications.  When  the 
films  are  polycrystalline,  the  110  texture  dominates.  The  polycrystalline 
films  are  reasonably  stable  upon  annealing  to  temperatures  up  to  approximately 
1100°C.  The  initially  amorphous  films,  however,  easily  crystallize.  Crystal- 
lization has  been  observed  to  be  well  advanced  after  annealing  at  800°C.  Large 
stresses  are  built  into  the  amorphous  films,  while  the  stresses  in  the  poly- 
crystalline films  are  lower.  The  results  of  this  work  are  described  in  Section 
3.3. 
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3.2  EPITAXY 


3.2.1  TRANSIENT  AND  STEADY-STATE  STUDY  OF  THE  DOPANT  SYSTEM 

A.  TRANSIENT  STUDY 

In  order  to  relate  the  spatial  variation  of  the  doping  concen- 
tration in  the  epitaxial  layer  N(x)  to  the  time  variation  of  the  gas  stream 
composition  c(t),  the  epitaxial  reactor  can  be  viewed  as  a "black-box"  with 
c(t)  as  the  input  and  N(x)  as  the  output  (Figure  3.1).  If  the  black-box 
behaves  linearly  (within  certain  operation  conditions),  an  expression  h(t) 
characterizing  the  input-output  relation  of  the  reactor  can  be  found  experi- 
mentally by  studying  the  step  response  of  the  reactor  [3. 1,3. 4].  With  that 
expression,  using  standard  linear  systems  techniques,  the  response  N(x)  of 
the  system  to  an  arbitrary  input  c(t)  can  be  easily  computed  and  vice  versa 
[3.4]. 

In  addition  to  providing  a method  of  fabricating  a desired  dopant 
profile,  this  transient  response  study  provides  basic  information  concerning 
the  various  mechanisms  involved  in  the  dopant  incorporation  process.  As  indi- 
cated by  Kobayashi  and  Kobayshi  [3.5],  transient  studies  reveal  the  importance 
of  various  mechanisms  which  may  not  be  apparent  in  steady-state  studies. 

All  the  experiments  presented  here  were  carried  out  in  a commer- 
cially available  (Unicorp  Model  HIER  II)  horizontal,  water-cooled,  rf-heated 
epitaxial  reactor  operating  at  atmospheric  pressure.  A schematic  of  this 

reactor  is  shown  in  Figure  3.2.  The  quartz  reactor  tube  has  the  dimensions 

3 2 

5.1  x 8.3  x 91.4  cm  . It  has  an  effective  cross  section  of  27  cm  above  the 

H 

susceptor.  The  dimensions  of  the  silicon-carbide-coated  graphite  susceptor 

3 

were  of  0.64  x 6.7  x 22.8  cm  . A quartz  susceptor  cradle  was  used  to  tilt 
the  susceptor  to  2°.  Dopant  gases  are  delivered  to  the  reactor  tube  through 
a double-dilution  dopant  system. 
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Hydrogen  was  used  as  the  carrier  gas  at  a velocity  of  34  cm/sec 
(at  room  temperature).  The  source  of  silicon  was  silane  obtained  from  Pre- 
cision Gas  Products,  Inc.  The  doping  source  was  approximately  70  ppm  arsine 
in  hydrogen  obtained  from  the  Matheson  Gas  Company,  Inc. 

Before  each  run,  the  susceptor  was  vapor  phase  etched  with  HC1 
and  then  coated  with  approximately  5 pm  of  high  resistivity  silicon  by  the 
hydrogen  reduction  of  SiCl^.  In  a typical  run,  the  susceptor  and  wafer  are 
heated  in  hydrogen,  vapor  phase  etched  for  two  minutes  by  1%  HC1  and  deposited 
by  the  decomposition  of  AsH^/SiH^.  The  composition  of  the  gas  mixture  was 
monitored  and  controlled  through  calibrated  Brooks  flowmeters.  Temperature 
measurements  were  made  during  the  etching  and  deposition  reactions  using  a 
calibrated  Leeds  and  Northrup  optical  pyrometer,  and  corrected  for  the  emis- 
sivity  of  silicon  [3.6]  and  for  the  absorption  of  the  reactor  tube  walls. 

The  corrected  wafer  surface  temperature  during  etching  and  deposition  were 
approximately  1180°C  and  1070°C  respectively.  The  substrates  were  chem-mech- 
anically  polished  on  one  side,  Czochral sky-grown , phosphorus  doped,  silicon 
wafers,  with  (100)  orientation.  The  purpose  of  this  experiment  was  to  study 
the  dopant  distribution  N(x)  resulting  from  a step  change  in  dopant  gas  flow, 
i.e.  to  determine  the  step  response,  and  then  to  study  the  growth  rate  depen- 
dence of  the  step  response  of  the  dopant  system  of  the  reactor. 

This  experiment  can  be  easily  described  with  the  help  of  Figure 
3.3.  At  t=  0 the  deposition  cycle  started  and  silane  and  arsine  were  metered 
into  the  reactor  tube.  The  silane  flow  was  kept  constant  during  the  whole 
deposition  cycle  which  ended  at  t=TQ.  At  t = Tg  the  arsine  flow  was  abruptly 
changed  to  a lower  value  simulating  a step  change.  This  was  accomplished  by 
abruptly  changing  the  flow  setting  on  the  flowmeter  labeled  "inject"  in 


75 


Figure  3.2,  since  it  is  the  nearest  to  the  reactor  tube.  Hydrogen  was  flowing 
into  the  reactor  before,  during,  and  after  the  deposition  cycle.  The  experi- 
ment was  repeated  four  times,  each  time  at  a different  growth  rate.  The 

-4  -3 

silane  partial  pressure  was  adjusted  for  each  experiment  in  the  10  - 10 

atm.  range  to  produce  growth  rates  of  0.14,  0.32,  0.6  and  1.3  ym/min.  The 

-10  -9 

dopant  partial  pressure  was  adjusted  accordingly  in  the  10  - 10  atm. 

range  to  compensate  for  the  difference  in  growth  rate  and  keep  the  doping 

15  15-3 

level  changes  in  each  experiment  between  1.10  and  3.10  cm  . The  resulting 
impurity  profiles  in  the  epitaxial  layers  were  determined  by  capacitance- 
voltage  measurements  on  planar  p-n  junctions,  mesa  p-n  junctions  and  deep- 
depletion  M0S  structures  [3.7]. 

Typical  results  from  the  transient  experiments  are  shown  in 
Figure  3.4  together  with  the  dopant  gas  flow  input  and  a table  indicating 
the  values  of  T and  T-.  in  each  case  where  the  measured  dopant  concentration 
is  plotted  as  a function  of  distance  from  the  surface  of  the  epitaxial  film 
for  a decreasing  step  change  in  the  dopant  gas  flow  during  the  deposition 
[1].  The  impurity  profiles  obtained  for  growth  rates  of  0.6  and  1.3  ym/min 
are  indistinguishable  (solid  curve),  and  both  differ  strongly  from  the  one 
obtained  at  0.14  ym/min,  which  changes  much  more  abruptly  with  distance 
(dashed  curve). 

An  excellent  fit  to  the  data  can  be  obtained  by  using  the  expression 

[3.3] 

for  x _>  xQ  (3.1 ) 


N(x)  = Nj  + (Np  - Nj) 


1 - exp 


(-30 
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where:  N(x)  - dopant  concentration  at  a distance  x from  the  substrate 

Nj  = initial  doping  level  for  x<xQ 
Np  = final  doping  level 

L(g)  = decay  length  (a  function  of  the  growth  rate  g) 

x = distance  from  the  substrate  at  which  the  transient  begins 
° <xo  = 9 Tq) 

The  same  expression  also  fits  the  doping  profile  corresponding  to  an  increasing 
step  change  in  the  dopant  gas  flow  [3.1]. 

The  impulse  response  characterizing  the  input-output  relation  of  the 
dopant  system  can  be  obtained  from  eq.  (3.1)  using  elementary  systems  theory 
to  be  [3.8] 


h(t)  = £ 

exp  (-  i ) 

(3.2a) 

H(s) 

1 

(3.2b) 

s+  1/t 

t = L/g  is  the  decay  time  of  the  dopant  system:  it  corresponds  physi- 
cally to  the  time  it  takes  to  grow  a thickness  of  epitaxial  layer  equal  to 
one  decay  length.  K is  the  proportionality  factor  relating  the  dopant  concen- 
tration in  the  epitaxial  layer  (N)  to  the  gas  phase  concentration  (c)  during 
growth  under  steady-state  conditions  (no  transient  effects,  uniform  doping 
distribution):  N = K-  K~^  represents  what  has  sometimes  been  called  the 
"effective  segregation  coefficient"  [3.9]. 

Figures  3.5a  and  3.5b  show  the  decay  length  and  decay  timerespec- 
. » i function  of  growth  rate.  The  dashed  line  in  Figure  10b  corresponds 
‘ h in  this  log-log  plot  indicates  the  decay  time  values  that 

. - • 'ofij’  *o  the  growth  rate.  At  0.6  and  1.3  pm/min,  the 


decay  lengths  are  equal  (see  Figure  3.4)  and  the  decay  times  are  proportional 
to  g'^  - they  fall  exactly  on  the  dashed  line.  At  lower  growth  rates,  the 
decay  length  decreases  with  decreasing  growth  rate  and  the  decay  time  varies 
less  rapidly  than  g"^  showing  a trend  to  become  constant  at  very  low  growth 
rates.  An  expression  fitting  the  experimental  points  can  be  found  to  be: 


L = 


K1  + K2/g 


(3.3a) 


Kq 

T = gt^  + K2/g) 


(3.3b) 


where  g is  the  growth  rate  and  Kq,  Kj , K2  are  constants. 

B . STEADY-STATE  STUDY 

The  steady-state  experiments  involved  studying  the  effect  of  the 
silicon  deposition  rate  on  the  impurity  concentration  of  uniformly  doped  epi- 
taxial layers.  The  arsine  partial  pressure  was  kept  at  6.2  x 10’^®  atm.,  and 
the  silane  partial  pressure  was  adjusted  to  produce  growth  rates  varying  from 
0.13  ym/min  to  1.2  ym/min  (2.7  x 10"^  - 2.3  x 10’3  atm.).  The  substrates  were 
boron-doped  with  resistivities  ranging  from  1-4  ohm-cn.  The  thicknesses  of 
the  epitaxial  layers  were  kept  between  5.5  and  8.1  ym  and  were  measured  by  a 
groove-and-stain  technique.  A four-point  probe  was  used  to  determine  the 
resistivity  of  the  layers.  Carrier  concentrations  were  obtained  from  Irvin's 
resistivity  data  [3.10]  and  assumed  to  be  equal  to  the  arsenic  concentration 
in  the  epitaxial  layer. 
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The  results  from  these  experiments  are  shown  in  Figure  3.6, 
where  the  arsenic  concentration  of  uniformly  doped  epitaxial  layers  is  plotted 
versus  silicon  growth  rate.  At  growth  rates  greater  than  approximately  0.6 
pm/min,  the  doping  density  becomes  inversely  proportional  to  the  silicon  depo- 
sition rate,  as  indicated  by  a slope  of  -1  on  the  log-log  plot.  At  lower 
growth  rates,  the  doping  density  varies  less  rapidly  than  g"^  and  shows  a 
trend  toward  becoming  constant  at  very  low  growth  rates.  A very  similar 
behavior  has  been  observed  by  Shepherd  [3.11],  Bloem  [3.9]  and  more  recently 
by  [uchemin  [3.12].  An  expression  fitting  the  experimental  data  can  be  found 
to  be: 

N = 7-!— r (3.4) 

9(1^  + K2/g) 

However,  comparing  Figure  3.5b  and  3.6,  we  see  that  t vs.  g and  N vs.  g 
curves  have  the  same  shape  and  more  important  the  same  slope  for  higher  g. 

I I 

Therefore  it  is  easy  to  visualize  that  K-j  = Kj  and  K2  = 1^ • Thus  equation 
(3.4)  becomes 


The  fact  that  at  growth  rates  > 0.6  pm/min  the  decay  time  is 
proportional  to  g"1 , indicates  that  the  transient  dies  out  faster  at  higher 
growth  rates.  This  in  turn  implies  that  the  mechanisms  responsible  for  the 
transient  behavior  must  be  associated  with  the  growing  surface.  On  the 
other  hand,  the  fact  that  at  g ^ 0.6  pm/min  the  doping  density  is  proportional 
to  g'^  indicates  that  the  dopant  incorporation  process  in  this  region  of  oper- 
ation is  kinetically  controlled  [3.13]  by  one  or  more  rate-limiting  steps. 
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It  is  thus  possible  that  these  rate-limiting  steps  are  responsible  for  the 
transient  behavior  and  are  therefore  related  to  the  growing  surface.  This 
is  in  agreement  with  the  fact  that  at  lower  growth  rates  the  doping  density 
tends  to  depart  from  the  kinetic  region  and  the  decay  time  tends  to  become 
independent  of  the  growth  rate. 

The  temperature  dependence  of  the  As  concentration  in  the  Si  epi- 
taxial film  is  shown  in  Figure  . The  points  marked  with  the  same  symbol  (e.g.  ) 
correspond  to  layers  grown  on  the  same  day.  Different  symbols  indicate 
different  days  separated  by  several  months.  Notice  how  a very  slight  increase 
in  the  deposition  temperature  (e.g.  1025°C  to  1075°C)  results  in  a strong 
decrease  in  the  epitaxial  As  concentration.  In  all  cases  the  epitaxial  growth 
rate  was  the  same  (-1.1  um/min)  as  expected,  since  the  silicon  deposition  takes 
place  under  mass  transport  controlled  conditions  where  the  growth  rate  is 
almost  unaffected  by  temperature  changes.  The  slope  in  the  figure  correspond 
to  approximately  30  kcal/mole.  The  implications  of  this  experiment  will  be 
discussed  later. 

A physicochemical  model , from  where  equations  ( 3. 2) , (3. 3)  and  (3.5) 
can  be  derived,  will  be  the  subject  of  the  next  section. 
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3.2.2  PHYSICOCHEMICAL  MODEL  OF  THE  DOPANT  SYSTEM 

In  the  previous  section,  transient  and  steady-state  experimental 
studies  of  the  dopant  system  of  a horizontal,  atmoshperic-pressure,  epitaxial 
reactor  were  presented.  The  purpose  of  that  section  was  to  find  a transfer 
function  that  relates  the  time-variation  of  the  gas-phase  dopant  (AsH^)  concen- 
tration to  the  spatial  variation  of  the  epitaxial  layer  dopant  (As)  concen- 
tration. In  this  section,  a model  is  presented  that  physically  explains  the 
experimental  results  of  the  previous  section.  It  is  shown  that  the  transient 
and  steady-state  studies  complement  each  other  by  revealing  different  aspects 
of  the  dopant-incorporation  process. 

The  model  considers  processes  occurring  both  in  the  gas  phase  and  at 
the  surface.  The  sequence  of  steps  in  the  qas  phase  is  shown  in  Figure  3.8: 

(1)  Mass  transport  of  the  dopant  compound  (AsH^)  from  the  reactor-tube 
entrance  to  the  deposition  region.  (2)  Mass  transport  of  AsH^  from  the 
well-mixed  main  gas  stream  through  the  boundary  layer  to  the  growing  surface. 
(3)  Gas-phase  chemical  reactions,  in  which  AsH^  may  dissociate  into  several 
different  As-containing  compounds,  particularly  AsH£.  The  sequence  of  steps 
occurring  at  the  surface  is  shown  in  Figure  3.9.  (4)  Adsorption  of  the  As- 

containing  compound  on  the  growing  surface.  (5)  Chemical  dissociation  into 
As  and  H in  the  adsorbed  layer.  (6)  Surface  diffusion  and  incorporation  of 
adsorbed  As  at  atomic  steps  and  kink  sites  on  the  surface.  (7)  "Burying" 
of  the  incorporated  As  atoms  by  subsequently  arriving  Si  atoms  during  epi- 
taxial growth.  (8)  Desorption  of  hydrogen  from  the  surface. 

By  analyzing  the  sequence  of  steps  listed  above,  a model  can  be  derived 
to  describe  mathematically  the  doping  process.  Under  steady-state  conditions 
all  of  the  steps  occur  at  the  same  rate.  Under  this  condition  the  epitaxial- 
layer  dopant  distribution  is  uniform.  However,  when  the  dopant  gas  flow  is 
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a function  of  time,  the  doping  process  may  be  in  a transient  state.  During 
this  transient,  all  of  the  steps  involved  in  the  doping  process  no  longer 
occur  at  the  same  rate,  and  the  correct  physical  picture  is  properly  des- 
cribed by  considering  mass-balance  of  the  As-containing  compounds  at  each 
of  the  steps  in  the  process. 

1.  Mass  balance  of  AsH^  within  the  deposition  region: 


’rate  at  which 
AsH3  enters 
the  deposition 
volume 


rate  at  which 
ASH3  leaves 
the  deposition 
volume 


rate  at  which 
AsH3  leaves 
the  main  gas 
stream  towards 
the  wafer  sur- 
-face 


rate  of  change  of 
AsH3  concentration 
in  the  main  gas 
stream  within  the 
deposition  volume 


which  can  be  mathematically  expressed  by: 


’300 


' % ' XAsH3(t)"  N300  ' fH2‘XAsH3(t)  ' ^ * _ 


XAsH3^x,t^  ' XAsH3^x,t^ 


= VN 


* ^sH3^X,t^ 


Tr  6 t 


(3.6) 


where: 


i 

XASH3 


) 

3 


is  the  AsH3  molar  fraction  in  the  reactor  tube  before  entering 
(after  leaving)  the  deposition  region 


N300  is  the  total  gas  phase  concentration  at  300  K 


f„  is  the  hydrogen  flow  at  300 K 
M2 


km  is  the  boundary  layer  mass  transport  coefficient  of  AsH3  in 


is  the  AsH3  molar  fraction  in  the  main  gas  stream  within  the  deposition 
region.  It  is  a function  of  position  due  to  gas  stream  depletion  of 
AsH3  above  the  susceptor 
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Xs  is  the  gas  phase  AsH,  molar  fraction  above  the  gas-solid  interface 
AsH3 

V is  the  volume  of  the  deoosition  region 

Nt  is  the  total  gas  phase  concentration  inside  the  deposition  region. 

9 i s the  temperature  of  the  well -mixed  gas  stream  within  the  deposi 

tion  region. 


Equation  (3.6)  can  be  simplified  by  assuming  that  AsH^  is  a slow  function 
of  position  within  .he  deposition  region.  With  this  assumption: 


N300  ' fH2 


[XAsH 


(t)  - xAsH  (t) 


3 


d XAsH  (t) 


5 njn^ 

-V  *AsH * XAsH  * V'NT  dT 

L 3 3 q 


(3.7) 


where  XAs)  (x,t)  is  replaced  by  the  average  value 


3 AsH3' 

This  assumption  will  not  cause  serious  errors  because  the  deposition 
conditions  were  such  that  XA$^  > 0.95  XAsH  , i.e.  less  than  5%  of  the 
incoming  AsH3  molecules  take  part  in  the  doping  process.  Using  the  same 
argument,  Eq.  (3.7)  can  be  futher  simplified  to: 


N300'  fH0 

c 


XAsH3(t)  " XAsH3(t) 


- k 


Tl 


d (t) 


XAsH3(t)  ' XAsH3(t) 


1 ° *AsH 

= v-N  • 

J Tq  6 t 


(3.8) 


where  XA$H  is  approximated  by  XA$H  . 

3 3 
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2.  Mass  balance  of  AsH^  above  the  gas-crystal  interface 


rate  at  which 

net  rate  of  ASH3 

net  rate  of  gas 

rate  of  change  of 

ASH3  arrives 
at  the  gas- 
crystal  inter- 
face 

adsorption  on  the 
growing  surface 

phase  chemical 
reaction 

gas  phase  ASH3 
concentration  above 
the  gas-crystal 
interface 

= V • N, 


d XAsH3(t) 
eft 

(3.9) 


where  V is  the  total  number  of  gas  mo’ecules  in  a thin  layer  of 

i ^ 

volume  V above  the  gas-crystal  interface  which  is  at  a temperature  T . 


r * k 
m m 


XAsH3(t)  ' XAsH3(tJ 


(3.10) 


The  adsorption  process  is  analyzed  as  follows: 


AsH3(g)  + s - 


‘fl 


AsH- 


AsH3-s 


rl 


h ■ T 


*AsH.,'  PH,. " r 

J L 


,hi 

krl 


(2.3) 


where 

s represents  a free  adsorption  site  on  the  surface 

AsHj-s  represents  an  AsH3  molecule  adsorbed  on  the  surface,  i.e.  occupying 
an  adsorption  site 


«i  is  the  equilibrium  constant  for  the  reaction 


is  the  fraction  of  the  total  density  of  adsorption  sites  occupied  by 
AsH3  molecules 
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0 is  the  fraction  of  the  total  density  of  adsorption  sites  which  are 
vacant 

Pu  is  the  hydrooen  pressure  (1  atm) 
h2 

kfl ( *Vi ) is  the  forward  (reverse)  rate  constant  for  the  adsorption  reaction 


The  net  rate  of  adsorption  of  AsH3  on  the  surface  is  given  by: 


rl  = kfl  ' 0 ' PH2  ' XAsH3(t)  * Sri  ' tAsH3(t) 


rl  = kfl  ’ 6 " XAsH3(t)  ' krl  ‘ bAsH3(t) 


(3.12) 


where  0 is  assumed  to  be  constant  and  equal  to  its  equilibrium  value,  and 


P..  is  reolaced  by  1 atm.  (see  Section  8). 

h2 

uS  kpl  AsH3(t) 

rl  = kfl  ' ‘ XAsH3(t)  ' kfl"  P 


s , WAsH3(t) 

ri  = kfi  * 6 ’ xash3^  * icj-  ' e 


rl  ■ kfl  • e • XAsH3<t’  - \sH3(t) 


where 


xf)  (0 

AsH3 


MAsH3(t) 


(2.5) 


(2.6) 
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is  defined  as  the  gas  phase  AsH3  molar  fraction  that  would  exist  in  instan- 
taneous equilibrium  with  0^$H  (t).  The  expression  within  brackets  in  Eq.  (3.13) 
represents  the  driving  force  for  the  adsorption  process.  When 


X4cu  = Xfi  , then  r,  = 0 and  the  adsorption  process  is  in  thermodynamic 
flSt13  °AsH3  1 

equilibrium. 

The  gas  phase  chemical  reaction  is  analyzed  analogously: 


«.f5  , 

f AsH2  (g ) + 2 H2(q)  K5  = 

r5  *AsH 


s U 

*AsH,  kH„  k~ 

2 C _ TO 


(3.15) 


r5  = kf5  * XAsH3(t^  " kr5 " XAsH2(t) 


= kf5  * [ 
= kf5  ’ [ 


XAsH3(t)  " K5  ‘ XAsH2(t) 


XflrU  (t)  - Xj.  (t) 
ASM3  AAsH2  . 


where  s , , 

*AsH 

Xy  (t)  = 

*AsH7  k5 


(3.16) 


(3.17) 


is  defined  as  the  gas  phase  AsH3  molar  fraction  that  would  exist  in  equili- 


brium with  X 


AsHo' 


Substituting  (3.10),  (3.13),  and  (3.16)  into  (3.9),  the  following  mass 
balance  equation  results: 


km  [XAsH3(t)  " XAsH3(t) 


- kfl-e.[; 


V3(t)-XeAsH3(t 


}]  " kf5'[ 


XAsH3(t)‘XxAsH2(t)J 


d x:eH  (t) 


= V -N 


Ts  d t 
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(3.18) 


3.  Mass  balance  of  AsH,  above  the  gas  crystal  interface. 


net  rate  of 
formation  of 
AsH0 


net  rate  of 
adsorption  of 
AsHo  on  the 
surface 


rate  of  change  of  gas  phase 
AsH2  concentration  above  the 
gas-crystal  interface 


d *ash2<‘) 


(3.19) 


Adsorption  of  AsH2". 


AsH„(q)  + s — ^ AsH0-s 
* 'T  c 

Kr6 


6 ? T"e  *V6 

xash2  kh2  0 ro 


Js.  (3.20) 


= k*c-e-Xftf.u  (t)  - kr6’®/\SH,  ^ 


6 ' f6  aAsH 


r6  = kf6*e'[XAsH2(t)  ‘ XAsH2(t)_ 


(3.3) 


where 


e6  , 9AsH2(t) 

XAsH2^^  " Kg  6 


(3.22) 


is  gas  phase  AsH2  molar  fraction  that  would  exist  in  equilibrium  with  6AsH2(t). 
Equation  (3.21)  can  also  be  expressed  in  terms  of  XAsH  by  using  Eq.  (3.17) 


together  with 


Xe„-..  (t)  E Kc  ' XAsH„U) 


(3.23) 


1 


9AsH2(t) 

Asm  W6 

L 


X9  (t)  = 


r6  * kf6  * K5 ' 0 


Xx  (t)  - Xfl  (t) 
AsH2  hAsH2 


(3.24) 


(3.25) 


From  (3.19),  (3.16),  (3.25),  and  (3.17): 


cf5  [* 


k«‘lxAsm^t)  ' xx,  W 


AsHr 


Is 


"kf6'K5'9‘|XxAsH2(t)'X0AsH2(t). 


v -nt  • «,. 

Ts  5 


d Xx  (t) 
aAsH2 

cPt 


(3.26) 


4.  Mass  balance  of  AsH^-s  (As adsorbed  on  the  surface): 


net  rate  of 

net  rate  of 

rate  of  change  of  the 

adsorption 
of  ASH3  on 

- 

chemical 

dissociation 

s 

surface  density  of 
AsH,-s 

the  surface 

of  AsHj-s 

d 0AsH 

rl 

- 

r2 

s 

VA TT— 

(3.27) 


where  N$  is  the  total  surface  density  of  adsorption  sites  and  A is  the 
total  deposition  area. 


The  chemical  reaction  of  AsH^-s  is: 


AsH,-s  + 3s  — ^ As-S  + 3H-s  K„  = ftS'  H ? ^ 


He 


r2 


2 eASH3-e3  " kr2 


(3.28) 
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r2  = kf2'f,3-eAsH3<t>  - kr2'°H  'V11 


where  0^  is  assumed  constant  and  equal  to  its  equilibrium  value  (see  Section  8), 


where 


e2 

3AsH 


3 K2-6‘ 


Using  Eq.  (3.14)  and 


Xe  = F" 
0As  K1 


xe  (t) 


e2 

e»s»3  (t) 

e 


As  K-j  ^2*0 


T As 


r2  = kf2’Kr0q' 


xfi  (t)  - Xa  (t) 
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From  Eqs . (3.27),  (3.13),  (3.42),  and  (3.14) 
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(3.43) 


3 r e2  1 

kf2‘0  ■ [0AsH3^  " 0AsH3^J 

(3.29) 

3 

_ 0H  ’ 0As(t) 

3 

(3.30) 

5.  Mass  balance  of  AsH?-s  (AsH?  adsorbed  on  the  surface) 


net  rate  of  adsorption 

net  rate  of  chemical 

of  AsH2  on  the  surface 

dissociation  of  AsH2-s 

L 

rate  of 
surface 
Ast^-s 


r 


6 


N 'A- 


The  chemical  reaction  of  AsH^-s  is: 


2s  + AsH7-s  — * As-s  + 2H-s  K, 

Z k 1 

rl 


6As'6H  kf7 
~2  ~ V. — 
9ASH2^  ^ 


r7  = kf7-62-9AsH,lt>  - kr7'VeAs(t> 


r7  = kf?-9  • 
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where 
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Using  Eq.  (3.22)  and  (t) 
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T * 0As(t) 
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density  of 
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(3.44) 

(3.45) 


(3.46) 

(3.47) 

(3.48) 

(3.49) 
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r7  - kf7-K6-e3-[XAsH2<t>-  xtaH  <»> 


xaVh  (t) 

And  using  Eq.  (3.23)  and  X„  (t)  e 

0As  K5 


\ (t)  = n 3 • 0As(t> 

As  VW6  As 


r7  = kf7 


Xe  (t)  - xfi  (t) 

°AsH2  0As 


(3.50) 


(3.51) 


(3.52) 


From  Eqs . (3.51),  (3.24),  (3.53)  and  (3.24), 


-K5’e'  [XxAsH2(t)-\s„2(t,]-^'Ke-Ve3-[xe ash 2(t>-XeAs(t)] 


d X (t) 
WAsH, 

= V^W6'  - d t 


(3.53) 


6-  Mass  balance  of  As-s  (As  adsorbed  on  the  surface): 


net  rate  of  formation 
of  As-s 


r2  + r? 


net  rate  of  incoporation 
of  As-s  into  step  or  kink 
sites  on  the  surface 


rate  of  change  of 
the  surface  density 
of  As-s 

deflc(t)  . 
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(3.54) 


Incorporation  of  As-s  into  step  or  kink  sites: 


As-s 


As-s1  + s 


K - °As 

j ~e 


As 


kf3 

" KT 

r3 


(3.55) 


As-s1  represents  an  As  atom  incorporated  into  a step  or  kink  site  on 
the  surface,  and  e^s  represents  the  fraction  of  the  total  density  of  surface 
incorporation  sites  occupied  by  As  atoms. 

r3  = kf3*0As^  ‘ kr3'0'0As(t) 

(3.56) 
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Using  Eq.  (3.30)  and  0 
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(3.57) 


(3.58) 


(3.59) 
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Using  Eq.  (3.40)  and 


K]  • 6 


(3.61) 


VW6' 


9flc(t) 


(3.62) 


r3  = kf3*K2  Kl  * 7T~  XeAs(t) 


j (t)] 


(3.63) 


From  Eqs . (3.54),  (3.42),  (3.52),  (3.63),  and  (3.41): 


[\s„3(t>- V'>J-  L\sH2(t)-\s(t). 


kf3'K2‘Kr  3 
0H 


xe  (t)-xi(t)  =ns-a.k2.kv 

L As  efl c J 


4 d X6  W 
0 - °As 
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(3.64) 


7.  Mass  balance  of  As-s1  (As  atoms  occupying  incorporation  sites) 


net  rate  of  incorporation 
of  As-s  into  step  or  kink 
sites  on  the  surface 


rate. of  "burying" 
As-s1  by  silicon 
atoms,  i.e.  epi- 
taxial growth 


rate  of  change  of  the 
surface  density  of 
Ac-ci 


NsrA-rt 


(3.65) 
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where  N . is  the  total  density  of  incorporation  sites  on  the  surface, 
s 

"Burying"  of  As-s1  by  silicon  atoms: 


Then 


6 = 1 - 0L 


(3.74) 


The  adsorption  reaction  for  hydrogen  is  given  by: 


i- s * \ Hp(g)  + s 


(3.75) 


and  from  Eqs.  (3.74)  and  (3.75) 


ft  _ 1 

°H  1 + K, 


1 + Kl 


(3.76) 


9.  Circuit  Representation  for  the  Dopant  System 

The  final  equation  in  each  of  the  sections  1 through  7 may  be  rewritten 
in  the  following  form  (X  = XA$H  ) 


C dMH 

dt 


(3.78) 


xs(t)  - X (t)  xs(t)  - xy  (t) 


_ ^ = c dXS(t)  (3.79) 
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(3.83) 


(3.84) 


1 


In  order  to  have  a better  insight  into  the  different  mechanisms  entering 
the  doping  process  and  their  relative  importance,  an  equivalent  electric  cir- 
cuit corresponding  to  Eqs.  (3. 78) -(3. 84)  can  be  derived  and  is  shown  in 
Fig.  3.10.  This  circuit  can  be  considered  as  the  circuit  representation  of 
the  dopant  system  since  both,  the  circuit  and  the  dopant  system,  are  described 
by  the  same  set  of  equations.  On  the  other  hand,  the  circuit  representation 
also  provides  a method  for  solving  the  system  of  equations.  The  Rs  and  Cs 
in  Fig.  3.10  correspond  to  electric  "resistances"  and  "capacitances"  res- 
pectively. Each  resistance  R correspond  to  each  of  the  steps  in  the  doping 
process,  i.e.  R-j  is  the  resistance  corresponding  to  the  adsorption  of  AsH^, 

Ry  corresponds  to  the  surface  chemical  dissociation  of  Ash^-s,  etc.  The 
"current"  r shown  in  Fig.  3. 1C  represents  the  actual  dopant  incorporation 
rate  into  tF<  epitaxial  film. 

Under  steady-state  operation  conditions,  the  right-hand  side  of 
Eqs.  (3.78)-(3.84)  are  equal  to  zero,  i.e.  the  capacitance  becomes  zero 
and  disappear  from  the  circuit  model.  The  capacitors  are  needed  only 
during  transient  conditions.  They  represent  the  physical  fact  that,  in  a 
transition  from  one  steady-state  operating  condition  to  another,  some  time 
is  required  for  the  densities  of  AsH^g),  AsH^-s,  etc.  to  attain  their  new 
steady-state  values. 

1 0 . Analysis  of  the  Circuit  Model 

The  steady-state  and  transient  circuit  models  shown  in  Figs.  3.10  and 
3.10b  are  analyzed  below.  It  will  be  shown  that  the  circuit  model  explains 
all  the  experimental  results  presented  in  the  previous  paper.  We  first  con- 
sider steady-state  and  then  the  more  general  time  varying  case. 
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Steady-State:  To  simplify  the  analysis,  two  limiting  cases  of 
the  circuit  model  shown  in  Fig.  3.10  are  considered: 

(i)  R5  + Rg  + R7  » R-j  + R2>  with  the  corresponding  simplified  circuit  shown  in 
Fig.  3.11a  and  (i i ) R5  + Rg  + R7  « R1  + R2>  with  the  corresponding  circuit  shown 
in  Fig.  3.11b.  R..  is  not  included  because  under  normal  operation  conditions 

n 

it  is  much  smaller  than  the  value  obtained  experimentally  for  the  overall 
resistance,  i.e.  (RM)  calculated  « [RM  + Rm  + (R-j  + R2)/(R^  + Rg  + Ry) 

+ R3  + Rp-^experimental  * 

The  circuits  shown  in  Figs.  3.11a  and  3.11b  can  be  used  to  derive  the 
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are  apparent. 


H 

a.  Region  I;  at  very  low  growth  rates  R = » R and  Eg.  (3.87) 


reduces  to: 


NAs  = Kp-x1/kH 


(3.88) 


Eq.  (3.88)  indicates  that  at  very  low  growth  rates  the  doping  process 
is  independent  of  the  growth  rate  and  is  controlled  by  the  thermodynamics 
of  the  doping  reaction  (Kp  is  the  equilibrium  constant  for  the  overall 
doping  reaction,  Eq.  (3.71).  This  is  in  agreement  with  the  experimental 
data  presented  in  Figure  of  the  previous  paper,  where  it  is  shown 
that  at  growth  rates  lower  than  ~ 0.5  um/min  the  arsenic  density  in  the 
epitaxial  layer  shows  a trend  towards  becoming  constant  and  growth  rate 
independent  of  the  growth  rate. 

k, 


b.  Region  II:  at  high  growth  rates 
to 

R K . , 

w =—£._£  . 41  = ] . 

As  * kH  r™ 


H 

R = — <<c  R and  Ecl-  (3.87)  reduces 

P ^ 1 n 


(3.89) 


In  this  region  of  operation  the  dopant  incorporation  rate  is  con- 
trolled by  the  reaction  kinetics,  and  the  doping  density  in  the  epitaxial  film 
must  be  inversely  proportional  to  the  epitaxial  growth  rate.  This  is  also 
in  agreement  with  the  steady-state  results  presented  in  the  previous  paper, 
where  it  was  shown  that  for  growth  rates  higher  than  - 0.5  ym/min  the 
arsenic  concentration  in  the  epitaxial  film  was  proportional  to  g'1  (see 
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Fig.  3.6). 


So  far,  the  model  has  agreed  with  the  steady-state  data  presented 
in  section  3.2.1.  The  next  step  is  to  find  whether  the  rate-limiting 
step  in  region  II  corresponds  to  a gas  phase  mechanism,  in  which  case 
using  Fig.  3.11b  (Fig.  S.T'a):  R^  » Ri  +R2+F?3  >>  R6+R7+R3^’  or  a 

surface  related  mechanism,  in  which  case  <<  WR3  <VR5  <<  WR3>' 
The  temperature  dependence  experiments  presented  in  section  3.2.1  allow  us 
to  differentiate  between  the  two  cases.  It  was  shown  in  section  3.2.1 
(Figure  3.7)  that  as  the  deposition  temperature  increases,  the  doping 
density  in  the  epitaxial  film  decreases.  This  implies  that,  as  the 
deposition  temperature  increases,  the  dopant  incorporation  rate  or  the 
"current"  in  the  circuit  model  decreases,  which  in  turn  implies  that  the 
resistance  corresponding  to  the  rate-limiting  step  increases.  A quick 
consideration  of  the  temperature  dependence  of  the  resistances  in  the  circuit 
model  will  indicate  that  the  rate-limiting  step  is  related  to  the  surface 
rather  than  the  gas  phase.  The  boundary  layer  mass  transport  coefficient 
km  usually  increases  with  temperature  with  an  apparent  activation  energy 
of  3-8  kcal/mole.  Therefore,  the  corresponding  resistance  Rm  will  decrease 
with  temperature  rather  than  increase.  The  forward  rate  constant  for  the 
gas  phase  chemical  reaction  k.^  can  be  expressed  as  k^g  = k^Q*  exp(-Ea/kT) 
with  k^Q  being  the  frequency  factor  and  Ea  the  Arrhenius  activation  energy. 
Ea  could  be  as  low  as  zero  but  it  can  not  be  negative.  Therefore,  R^=  l/kf^ 
will  not  increase  with  temperature  either.  On  the  other  hand,  nothing 
that  concrete  can  be  said  about  the  resistances  corresponding  to  the  surface 
reactions.  R^,  the  resistance  associated  with  the  incorporation  of  As-s 
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The  transient  study  presented  in  the  previous  paper  showed  that  the 
transient  response  was  exponential  with  one  single  decay  time,  i.e.,  the 
dopant  system  using  AsH3  contains  one  dominant  pole.  Therefore,  either 
the  capacitors  at  the  left  of  Rg  in  Fig.  3.12C  (c  e C + Cg)  or  the  capa- 
citors  at  the  right  (C$  = Cg  + C2  + C3)  are  responsible  for  that  dominant 
pole.  Hov/ever,  the  nature  of  the  decay  times  associated  with  and  Cs 

are  different.  They  can  be  approximated  by 

(3.91) 

(3.92) 

It  was  shown  in  Fig.  3.5  of  section  3.2.1  that  at  high  growth  rates 
the  decay  time  depends  strongly  on  the  growth  rate.  This  rules  out  Cg  as  the 
capacitance  responsible  for  the  dominant  exponential  since  is  independent 
of  the  growth  rate.  Moreover,  Eq.  (3.92)  looks  very  much  the  same  as  Eq.  (3.3b) 
from  section  3.2.1,  which  was  an  empirical  expression  fitting  the  experi- 
mental data  presented  in  Figure  3.5.  In  summary,  the  exponential  character 
of  the  transient  response  and  the  growth  rate  dependence  of  the  decay  time 
led  to  the  conclusion  that  the  capacitances  responsible  for  the  transient 
response  are  the  capacitances  associated  with  surface  mechanisms.  These 
surface  capacitances  correspond  physically  to  the  fact  that,  in  a transi- 
tion from  one  steady-state  condition  to  another,  it  takes  some  time  for 
the  surface  density  of  the  adsorbed  species,  AsH,j-s,  As-s,  etc.,  to  reach 
their  new  steady-state  values. 

101 


Tg  ~ cg 


and 


Ts  = Cs 


R + R, 
P 6 


into  atomic  step  or  kink  sites,  can  be  taken  as  an  example. 


kf3*  K2*  K1 ' 

- 


k^  has  a temperature  dependence  similar  to  k^^  above.  , and 

Ku  , being  reaction  equilibrium  constants,  have  the  following  temperature 

no 


dependence: 


K = KQ  exp 


(-«) 


where  AH  is  the  heat  of  the  corresponding 


reaction  at  constant  pressure  and  R is  the  gas  constant.  Since  the  heat 
of  reactions  and  activation  energies  corresponding  to  most  of  the  doping 
steps  are  unknown,  the  temperature  dependence  of  expressions  of  the  type 
shown  in  Eq.  (3.90)  can  not  be  stated  a priori.  In  summary,  the  fact  that 
the  doping  density  in  the  epitaxial  layer  decreases  with  increasing  temper- 
atures, led  to  the  conclusion  that  the  rate-limiting  resistance  corresponds 


to  a surface  step  rather  than  a gas  phase  step. 

Transient:  Figs.  3.12a  and  3.12b  show  the  circuit  models  corresponding 
to  cases  (i)  and  (ii)  above,  respectively.  If  one  of  the  kinetic  resis- 
tances is  much  larger  than  the  others,  e.g.  if  Rg  » Rm,Rg,R^,R^ .R^, 

(Fig.  3.12b)  the  "potential"  drop  across  the  smaller  resistances 
will  be  negligible  in  comparison  with  the  "potential"  drop  across  the 
larger  kinetic  resistance.  In  this  case,  the  capacitors  at  the  left  of 
the  larger  resistance,  e.g.  Rg,  can  be  lumped  together,  and  similarly  for 
the  capacitor  at  the  right  of  Rg.  The  simplified  circuit,  assuming  Rg  as 
the  rate-limiting  step  in  region  II,  is  shown  in  Fig.  3.12c. 
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The  circuit  model  of  Fig.  3.11c  can  be  used  to  derive  the  transfer 


r 


function  of  the  dopant  system.  Neglecting  the  effect  of  C 


K_  X 


H(S)  = 
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As  _ 
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KPRP 


(3.93) 


1 + s C 


Rp+Rs 


H(s) 


K • 


+ ST. 


(3.94) 


This  is  exactly  the  same  expression  for  the  transfer  function 
obtained  experimentally  in  section  3.2.1  (Eq.  3.2b). 


Summary  and  Conclusions 

A model  for  the  dopant  incorporation  into  silicon  epitaxial  films 
was  introduced.  An  electric  circuit  representation  of  the  doping  model 
was  derived  in  order  to  provide  a better  insight  into  the  different 
steps  intervening  the  doping  process  and  their  relative  importance. 

The  circuit  model  was  used  to  derive  the  doping  concentration  in  the 
epitaxial  film  as  a function  of  gas-phase  dopant  molar  fraction  and  epi- 
taxial growth  rates  under  steady-state  operation  conditions.  Two  regions 
of  operation  were  found:  (i)  a low-growth  rate  region  (region  I)  in  which 
it  was  shown  that  the  doping  process  is  controlled  by  the  thermodynamics 
of  the  overall  doping  reaction  and  (ii)  a high-growth  rate  region  (region 
II)  in  which  the  doping  process  is  controlled  by  the  kinetics,  i.e.  the 
dopant  incorporation  process  is  controlled  by  a rate-limiting  step.  It 
was  shown  that  in  order  to  explain  the  temperature  dependence  of  the  epi- 
taxial doping  concentrations,  the  rate-limiting  step  must  be  associated 
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; 


with  a surface  mechanism.  The  circuit  model  was  also  used  to  explain  the 
transient-response  results  presented  in  the  previous  paper.  It  was  shown 
that  the  mechanism  responsible  for  the  transient  response  is  associated 
with  surface  "capacitances,"  i.e.  it  is  associated  with  the  fact  that  the 
surface  densities  of  the  different  doping  compounds  covering  the  surface 
take  some  time  to  adjust  themselves  from  one  steady-state  value  to  another. 
Finally,  the  transfer  function  experimentally  obtained  in  section  3.2.1 
was  theoretically  derived  with  the  aid  of  the  model. 
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LOW-PRESSURE  CHEMICAL-VAPOR-DEPOSITION  OF  SILICON:  STRUCTURE  AND  STABILITY 


In  the  past  decade  polycrystalline  silicon  has  become  important  in 
several  applications.  Submicron  films  of  polycrystall ine  silicon,  especially, 
are  of  great  commercial  importance  in  silicon-gate  MOS  integrated  circuits 
[3.14]  and  charge-coupled  devices  [3.15].  Until  recently,  these  films  have  gen- 
erally been  deposited  in  cold-wall  reactors  in  which  the  silicon  substrates 
lie  flat  on  an  externally  heated  susceptor.  The  low  capacity  and  the  high 
capital  and  operating  costs  of  these  reactors,  however,  may  contribute  signifi- 
cantly to  the  cost  of  the  integrated-circuit  fabrication  process. 

Within  the  last  two  years,  low-pressure,  chemical-vapor-deposition 
(LPCVD)  systems  for  depositing  polycrystalline-silicon  have  been  developed 
[3.16].  The  high  capacity  and  lower  costs  of  these  systems  have  led  to  their  rapid 
acceptance  in  high-volume,  integrated-circuit  manufacturing  facilities.  Since  the 
deposition  rate,  temperature  and  pressure  in  these  reactors  are  markedly  different 
from  those  conventionally  employed,  some  characterization  of  the  material 
deposited  is  needed  to  ensure  that  the  characteristics  and  reliability  of  the 
integrated  circuit  in  which  it  is  used  are  not  degraded.  Because  low-pressure 
reactors  are  generally  operated  slightly  above  600°C,  a temperature  close  to 
the  amorphous-crystalline  transition  temperature  seen  in  silicon  films 
deposited  by  chemical  vapor  deposition  at  atmospheric  pressure  [3.17,3.18],  the 
structure  in  the  as-deposited  film  and  its  stability  upon  further  processing 
of  the  integrated-circuit  wafer  are  important  topics  to  investigate. 

The  detailed  properties  of  the  polycrystalline  silicon  become  especially 
important  when  it  is  used  in  critical  applications,  such  as  for  high-valued 
resistors  in  static  memory  circuits  [3.19,3.20].  In  image-sensing  CCDs  dependence 
of  the  optical  transmission  of  the  films  on  the  structure  will  affect  the 
device  performance.  Even  in  more  conventional,  silicon-gate  applications, 
the  stability  of  the  structure  may  influence  properties  such  as  step  coverage. 
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This  paper  reports  the  results  of  the  first  phase  of  a study  being  con- 
ducted at  Stanford  designed  to  investigate  the  properties  of  polycrystalline 
silicon  deposited  at  low  pressures.  The  crystal  structure  of  the  films  is 
discussed  and  compared  to  that  found  in  films  deposited  at  atmospheric  pres- 
sure, and  the  stability  of  the  structure  during  further  heat  treatment  is 
reported. 

3.3.1  FILM  PREPARATION 

Films  were  deposited  in  a Tempress  (Unicorp)  LPCVD  reactor  at  several 
different  temperatures  and  a pressure  of  approximately  0.35-0.5  torr.*  Silane 
was  the  deposition  source  gas,  and  no  diluent  was  used.  Although  a temper- 
ature gradient  is  normally  used  along  the  length  of  an  LPCVD  reactor,  for 
these  depositions  the  temperature  was  adjusted  to  be  uniform  throughout  the 
length  of  the  deposition  zone.  A full  load  of  137,  three-inch-diameter  silicon 
wafers  was  included  in  each  deposition.  Six  of  the  wafers  were  sample  wafers 
to  be  used  in  subsequent  studies;  the  majority  were  dummy  wafers  included  in 
order  to  avoid  perturbing  the  gas  flow  with  a different  number  of  wafers  in 
each  deposition. 

Films  were  deposited  over  the  temperature  range  580  to  640°C.  Samples  of 
several  different  thicknesses  were  studied  at  the  typically  used,  nominal  deposition 
temperature  of  620°C.  The  deposition  temperatures,  rates,  and  film  thicknesses 
are  summarized  in  Table  I.  The  films  were  deposited  on  both  <100>-  and  <11 1>- 

O 

oriented,  lightly  doped  silicon  wafers  which  were  covered  with  1000  A of 
thermally  grown  silicon  dioxide.  The  two  different  substrate  orientations 
were  used  in  order  to  allow  investigation  of  the  various  crystallite  orienta- 
tions in  the  films  without  interference  from  the  substrate. 


* The  films  were  deposited  by  Intel  Corporation. 
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. STRUCTURE  OF  AS-DEPOSITED  FILMS 

The  films  were  investigated  both  by  x-ray  diffraction  and  by  transmission 
electron  microscopy.  The  x-ray  texture  (preferred  orientation)  was  measured 
by  observing  the  diffracted  intensity  at  twice  the  angle  of  incidence  of  the 
x-ray  beam  in  a Picker  Model  3488K  x-ray  diffractometer  with  20  keV  copper 
radiation.  The  samples  were  tilted  2°  to  reduce  substrate  reflections.  This 
tilt  only  slightly  reduced  the  reflections  from  the  polycrystalline  films 

(Fig.  3.13).  The  intensity  of  the  signal  from  the  {220}  planes  in  the  1.05  um- 
thick  sample  deposited  at  620°C  was  reduced  by  a factor  of  approximately  two 

for  a 5°  tilt,  indicating  a variation  in  the  crystallite  orientations  of  this 
magnitude.  For  comparison,  a 2°  tilt  reduced  the  signal  from  the  single- 
crystal substrate  by  more  than  three  orders  of  magnitude. 

Resolvable  reflections  were  observed  from  the  {111),  {220},  {311},  and 
{331}  planes  in  the  thickest  polycrystalline  samples  deposited  at  620°C,  but 
some  of  these  peaks  could  not  be  observed  in  thinner  samples  or  those  deposited 
at  lower  temperatures.  In  no  case  was  a signal  corresponding  to  the  {400} 
planes  observed,  indicating  either  the  absence  of  grains  with  <100>  orientation 
or  the  low  sensitivity  of  the  measuring  technique  to  grains  with  this  orienta- 
tion. 

After  normalizing  the  measured  peak  heights  by  the  signal  expected  from 
a randomly  oriented  sample,  we  obtain  an  indication  of  the  relative  importance 
of  crystallites  with  various  orientations  (Table  3.1).  The  standard  normalization 

factors  [3.21]  for  an  infinitely  thick  sample  have  been  modified  [3.22]  for  this 
case  where  the  samples  are  very  much  thinner  than  the  reciprocal  of  the  absorp- 
tion coefficient  (u-1  = 71  um  [10]).  Table  I shows  that  the  <1 1 0>  texture  is 
dominant  in  all  three  of  the  films  of  different  thicknesses  deposited  at  620°C. 
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As  the  films  become  thicker,  however,  the  amounts  of  <110>  and  <331 > texture 

increase  much  more  than  linearly  with  film  thickness,  while  the  amounts  of <1 1 1 > - 
and  <31 1 > - oriented  grains  do  not  increase  as  significantly.  The  dramatic 
increase  in  <11 0>  texture  with  increasing  film  thickness  indicates  that  the 
preference  for  <1 1 0>  texture  is  a growth  phenomenon  rather  than  nucleation 
behavior  [3.24]  and  is  similar  to  that  seen  in  films  deposited  at  atmospheric 
pressure  [3.25].  Table  I also  indicates  that  no  texture  could  be  resolved  in 
films  deposited  at  580°C  in  two  different  depositions. 

Samples  were  prepared  for  transmission  electron  microscopy  by  etch.r.g 
the  supporting  substrate  and  the  oxide  from  the  back  of  the  polycrystalline 
film.  The  film  was  usually  further  thinned  chemically  from  the  back  so  that 
the  electron  beam  could  easily  penetrate  the  film;  in  all  cases,  therefore, 
the  results  correspond  to  the  portion  of  the  film  farthest  from  the  substrate. 
After  preparation  the  samples  were  examined  in  a Philips  EM200  electron  micro- 
scope with  a 100  keV  electron  beam. 

Typical  micrographs  are  shown  in  Fig.  3.14  for  films  deposited  at  580  and 
620°C,  and  the  corresponding  transmission-electron-diffraction  (TED)  patterns 
are  shown  below  the  micrographs.  Films  deposited  at  600  and  640°C  are 
similar  to  those  deposited  at  620°C.  Films  deposited  at  600°C  and  above  exhibit 
a more-or-less  equi-axed,  polycrystalline  grain  structure  similar  to  that  seen 
in  films  deposited  at  atmospheric  pressure  and  somewhat  higher  temperatures 
in  conventional  CVD  reactors  [3.17,3.25].  Numerous  twin  lamella  are  seen  within 
the  grains.  Films  of  different  thicknesses  deposited  at  620°C  appear  to  be 
qualitatively  similar  to  each  other,  with  the  grain  size  near  the  top  of  the 
film  increasing  approximately  linearly  with  increasing  thickness.  The  grain 
size  near  the  top  of  the  film  increases  from  about  0.0F  - 0.1  pm  in  the  0.26 
um-thick  films  to  0.15-0.2  urn  in  the  0.47  pm-thick  films,  and  to  0.3-0. 4pm  in  the 
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thickest  (1.05  ym)  films.  Transmission-electron-diffraction  patterns  (bottom 
of  Fig.  3.14b)  show  the  typical  sharp  rings  and  spots  characteristic  of  poly- 
crystalline  material. 

The  films  deposited  at  580°C  exhibit  a different  structure,  although 
the  results  are  not  as  consistent  as  in  films  deposited  at  higher  tempera- 
tures. In  some  cases  (Fig.  3.14a,  left),  a few  crystallites  appear  to  be 
embedded  in  a structureless  background.  In  other  cases  some  structure  is 
seen  (Fig.  3.14a,  right),  although  the  grains  appear  to  be  much  smaller  than 
those  in  the  polycrystalline  samples  deposited  at  G00-640°C.  Variations  in 
contrast  as  the  sample  is  rotated  a few  degrees  in  the  electron  microscope 
indicate  that  there  is  crystalline  character  in  at  least  some  of  these  grains. 
However,  no  fine  structure  was  observed  within  the  grains.  The  less  consis- 
tent results  in  the  films  deposited  at  580°C  suggest  that  this  temperature  is 
very  close  to  the  transition  temperature  between  the  deposition  of  amorphous 
silicon  and  polycrystalline  silicon  so  that  some  regions  of  each  are  included 
in  the  deposited  films. 

The  TED  patterns  of  the  films  deposited  at  580°C  (bottom  of  Fig.  3.14a) 
appear  qualitatively  different  from  those  of  the  films  deposited  at  higher 
temperatures.  Instead  of  sharp  rings,  only  very  diffuse  halos  are  seen. 

Since  these  halos  are  suggestive  of  an  amorphous  structure  [3.26],  we  will 
call  these  films  "amorphous"  in  our  discussion,  although  portions  of  the 
samples  do  show  some  crystalline  character.  Further  evidence  for  classifying 
these  films  as  amorphous  is  the  absence  of  detectable  x-ray  texture  in  the 
as-deposited  films  and  the  dramatic  change  in  the  structure  upon  annealing, 
as  considered  in  the  next  section. 

From  the  results  discussed  above  we  may  conclude  that  there  is  a transi- 
tion between  an  amorphous  and  a polycrystalline  structure  at  a deposition 
temperature  very  near  580°C.  This  temperature  is  somewhat  lower  than  that 
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at  which  a similar  transition  between  amorphous  and  polycrystall ine  structure 
is  seen  in  silicon  films  deposited  by  CVD  at  atmospheric  pressure  in  a nitrogen 
ambient  [3.17,3.18]. 

The  somewhat  higher  transition  temperature  in  the  latter  case  may  be 
related  to  the  reduction  of  the  surface  mobility  of  the  depositing  silicon  atoms 
by  adsorbed  nitrogen  or  impurity  atoms  contained  in  the  nitrogen  [3.27].  It 
may  also  be  related  to  the  higher  deposition  rates  used  at  atmospheric  pres- 
sure, rather  than  being  directly  related  to  the  different  pressures  during 
deposition;  deposition  temperature  and  rate  have  been  shown  to  be  related 
over  at  least  a limited  range  [3.28]. 

3.3.3  STRUCTURAL  CHANGES  ON  ANNEALING 

The  presence  of  a transition  from  an  amorphous  to  a polycrystalline 
structure  for  slight  differences  in  deposition  temperature  and  the  use  of 
markedly  higher  temperatures  in  subsequent  IC  fabrication  steps  lead  to 
questions  about  the  stability  of  the  as-grown  structure  upon  further  processing. 
To  investigate  the  stability  of  the  various  structures,  films  grown  at  the 
different  temperatures  were  annealed  at  800,  1000,  1100,  and  1200°C  for  one 
hour  in  a nitrogen  atmosphere  in  a standard  diffusion  furnace.  A different 
piece  of  the  film  was  used  for  each  different  annealing  temperature,  and  the 
samples  were  rapidly  inserted  into  the  annealing  furnace  (within  a few  seconds). 
After  annealing,  the  samples  were  investigated  both  by  x-ray  diffraction  and  by 
TEM,  as  before. 

In  some  cases,  especially  at  the  higher  annealing  temperatures,  the 
films  were  overcoated  with  a 0.5  um-thick  layer  of  low- temperature  (480°C) 
deposited  silicon  dioxide  before  annealing  in  order  to  protect  the  silicon 
films  from  the  furnace  ambient.  At  the  highest  annealing  temperature  (1200°C) 
some  deterioration  of  the  optical  quality  of  the  films  was  observed  after  an- 
nealing when  the  films  were  not  overcoated  with  oxide.  However,  no  significant 
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differences  in  the  x-ray  results  were  seen  between  bare  and  overcoated  samples, 
indicating  that  the  oxide  cap  does  little  to  enhance  or  retard  changes  in 
structure  during  annealing. 

The  amorphous  films  deposited  at  580°C  were  very  unstable  and  showed 
marked  changes  in  structure  for  all  annealing  temperatures.  No  structure 
was  revealed  by  x-ray  diffraction  before  annealing,  while  significant  amounts 
were  seen  after  annealing  (Fig.  3.15a).  The  <31 1 > texture  appears  to  be  dominant 
at  intermediate  annealing  temperatures,  while  the  <111 > texture  shows  a ten- 
dency to  increase  at  the  highest  annealing  temperature  employed.  This  pre- 
ference for  the  growth  of  <31 1>  and  <1 1 1 > textures  on  annealing  is  to  be  con- 
trasted with  the  strong  tendency  of  the  <11 0>  texture  to  develop  during  dep- 
osition, and  indicates  that  markedly  different  mechanisms  may  dominate  during 
deposition  and  during  annealing. 

X-ray  results  taken  after  similar  annealing  are  shown  in  Fig.  3b  for  the 
intermediate-thickness  film  deposited  at  620°C.  Unlike  the  film  deposited 
at  580°C,  the  higher- temperature  film,  which  is  polycrystall ine  as  deposited, 
is  reasonably  stable,  showing  little  structural  change  for  annealing  temper- 
atures up  to  1000°C;  only  some  tendency  for  growth  of  <331 > texture  is  observed. 
At  1100°C  and  above,  however,  significant  change  is  seen;  the  <11 0>  texture 
decreases  significantly,  and  the  <llls  and  <331 > textures  increase  slightly. 

Films  were  also  observed  by  TEM  after  annealing.  The  films  deposited 
at  620°C  showed  little  change  after  annealing  at  800  or  1000°C,  while  they 
showed  a significant  increase  in  grain  size  after  annealing  at  1100  and  1200°C 

(Fig.  3.16),  consistent  with  the  x-ray  results.  The  initially  amorphous  films 
deposited  at  580°C  showed  more  dramatic  changes.  After  an  800°C  anneal, 

definite  structure  was  seen  (Fig.  3.17a).  The  grain  boundaries  were  not  very 
well  defined,  but  fine  structure  was  easily  visible  within  the  grains.  After 
higher-temperature  annealing,  the  films  appeared  more  crystalline,  with  better- 
defined,  larger  grains  (Fig.  3.17b).  The  rapid  change  in  structure  can  be  seen 
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from  the  TED  pattern  of  the  580°C  film  annealed  at  800°C  (Fig.  3.18).  The 
transition  from  a diffuse  halo  pattern  (bottom  of  Fig.  3.14a)  to  a ring-spot 
pattern  indicates  the  rapid  growth  of  crystal  structure. 

3.3.4  ADDITIONAL  DISCUSSION 

Further  evidence  of  a qualitative  difference  between  films  deposited  at 
580°C  and  those  deposited  at  higher  temperatures  was  seen  during  sample 
preparation  for  transmission  electron  microscopy.  After  the  substrate  and 
oxide  were  chemically  etched  and  the  samples  were  removed  from  the  wax  which 
protected  the  surface,  the  unannealed  films  deposited  at  580°C  curled,  indi- 
cating large  stresses  built  into  these  films.  No  tendency  to  curl  was  seen 
in  films  deposited  at  higher  temperatures  or  in  annealed  films  deposited  at 
580°C.  Thus,  large  stresses  appear  to  be  present  in  the  amorphous  films, 
but  not  in  polycrystall ine  samples. 

The  results  of  the  present  annealing  experiments  may  be  compared  to  re- 
sults of  similar  studies  of  initially  amorphous  silicon  films  deposited  by 
evaporation  [3.17]  or  by  atmospheric-pressure  CVD  in  a nitrogen  ambient  [3.29]. 
In  the  evaporated  films  [3.17]  a dendritic  structure  is  seen  after  annealing  at 
650°C.  After  an  850°C  anneal  an  equi-axed  grain  structure  is  dominant,  but 
some  dendritic  structure  is  still  seen,  indicating  a competition  between  the 
two  types  of  nucleation.  Presumably,  the  details  of  the  nucleation  behavior 
are  influenced  by  the  rate  of  heating  to  the  annealing  temperature.  After  a 
1040°C  anneal,  only  the  equi-axed  structure  appears.  Nagasima  and  Kubota  [3.29] 
also  observe  a needle-like  grain  structure  after  a 700°C  anneal,  while  an 
1100°C  anneal  produces  an  equi-axed  structure. 

These  observations  are  generally  consistent  with  the  results  observed  in 
the  present  investigation  for  the  annealing  of  films  deposited  at  580°C.  Both 
equi-axed  grains  and  long,  narrow  structures  are  observed  after  the  800°C 
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anneal  (Fig.  3.17a),  while  primarily  a well-defined,  equi-axed  arain  structure 
is  seen  after  annealing  at  higher  temperatures  (Fig.  3 17b). 

Anderson  states  [4]  that  stress  in  the  as-deposited  film  provides  the 
driving  force  for  dendritic  growth,  while  presumably  the  greater  thermal 
energy  at  higher  temperatures  leads  to  the  formation  of  the  equi-axed  structure. 
As  we  have  seen,  large  stresses  are  present  in  the  amorphous  films  considered 
in  this  study. 

The  structure  which  initially  appears  upon  crystallization  of  the  amorphous 
films  may  possibly  be  related  to  the  anomalous,  dendritic  structure  seen  in 
films  deposited  at  atmospheric  pressure  and  relatively  low  temperatures  [3.25]. 

From  this  comparison,  we  see  that  the  annealing  behavior  of  amorphous 
silicon  films  deposited  by  several  different  techniques  is  qualitatively 
similar.  However,  residual  impurities  contained  within  the  films  may  impede 
annealing,  causing  differing  transition  temperatures  for  the  various  types  of 
films  studied  in  the  different  investigations. 

It  should  be  emphasized  that  all  of  these  results  refer  to  annealing  in 
an  inert  ambient.  The  presence  of  other  gases  or  dopant  sources  during  heat 
cycling  may  affect  the  structure  of  the  film  differently. 

3.3.5  CONCLUSIONS 

This  study  has  shown  that  a critical  transition  temperature  between 
amorphous  and  polycrystall ine  deposits  exists  for  deposition  temperatures  close 
to  those  typically  used  to  deposit  films  for  integrated-circuit  applications. 
When  the  films  are  polycrystalline,  the  <11 0>  texture  is  dominant,  and  this 
texture  becomes  of  increasing  importance  in  thicker  films. 

If  silicon  films  deposited  by  low-pressure  CVD  are  initally  polycrystal- 
line, they  should  be  reasonably  stable  and  should  not  change  markedly  because 
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of  heat  cycles  normally  seen  in  modern  integrated  circuit  fabrication;  however 
some  changes  may  occur  if  temperatures  above  1100°C  are  encountered.  On  the 
other  hand,  films  deposited  at  slightly  lower  temperatures  are  initially  amor- 
phous and  will  crystallize  during  the  thermal  processing  likely  to  be  encoun- 
tered. The  implications  of  these  changes  on  the  electrical  properties  and 
reliability  of  integrated  circuits  incorporating  these  initially  amorphous 
films  must  be  considered  further  before  the  films  can  be  used  with  confidence 
for  device  applications. 
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Table  3.1 

DEPOSITION  CONDITIONS  AND  X-RAY  TEXTURE 


Deposi tion 
Temperature 

(°c) 

Film 

Thickness 

(pm) 

Deposition 
Rate 
(A/mi n) 

<11 1> 

X-Ray  Texture9 

<11 0>  <31 1 > 

<331  > 

580 

0.32 

70 

0 

0 

0 

0 

600 

0.50 

73 

8 

324 

19 

29 

620 

0.26 

110 

10 

102 

21 

0 

620 

0.47 

110 

12 

422 

33 

19 

620 

1.05 

no 

12 

2000 

56 

221 

640 

0.45 

99 

11 

259 

21 

19 

a The  magnitudes  of  the  < 1 1 1 > , <220>,  <311 > and  <331>  x-ray  peak  heiqhts 
were  divided  by  1.00,  0.37,  0.18  and  0.054,  respectively  [3.21,  3.22,  3.23] 
to  obtain  the  x-ray  texture. 
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Schematic  diagram  of  the  epitaxial  reactor. 


TRANSIENT  STUDY 
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Fig.  3.3.  Various  gas  flows  as  a function  of  time  in  the 
transient  study  and  the  resulting  dopant  concen- 
tration in  the  epitaxial  layer. 
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DISTANCE  FROM  SURFACE  xE-x  (Mm) 


xE:  TOTAL  EPITAXIAL  THICKNESS 
X : DISTANCE  FROM  THE  SUBSTRATE 


Fin.  3.4.  Measured  dopant  concentration  as  a function  of 
distance  from  the  surface  of  the  epitaxial  film 
for  a decreasing  step  change  in  the  dopant  gas 
flow,  as  indicated  in  the  inset.  xE:  total 
epitaxial  thickness  ( gTg) ; x:  distance  from 
the  substrate. 


SILICON  DEPOSITION  RATE  (^m/min) 


Fig.  3.6.  Impurity  concentration  as  a function 

of  silicon  deposition  rate,  for  a constant 
partial  pressure  of  AsH3  = 6.2  x 1(H°  atm. 
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Fig.  3.7.  Arsenic  concentration  in  the  epitaxial 

layer  as  a function  of  growth  temperature. 


124 


DEPOSITION  REGION 

/ 


MAIN  GAS 
STREAM 


SUSCEPTOR  SILICON  EPITAXIAL  BOUNDARY 

SUBSTRATE  FILM  LAYER 


Nr.  3.8.  Se<]uence  of  steps  occurring  in  Lhe  gas  phase:  (1)  input  mass 
transport,  ( ')  boundary-layer  mass  transport,  ( 1)  gas-phase 


chemical  reactions.  X ) ,,  : 

Asll  j 

output  Asllj  molar  fraction; 


input  Asllj  molar  fraction;  : 

X . : average  Asti,  molar  fraction 

Asllj  ) 


in  the  well-mixed  main  gas  stream  within  the  deposition  region 

Xs  gas-phase  molar  fraction  of  Asll  1 (Asll-i ) just  above 

AslljlAsl^l 

the  gas-sol  ill  interface. 


Kig.  3.9.  Sequence  of  steps  occurring  on  the  surface:  (4)  adsorption  of 
the  As-containing  compound;  (5)  surface  chemical  dissociation 
(6)  surface  diffusion  and  site  incorporation;  (7)  "burying"  o 
As  by  subsequently  arriving  Si  atoms;  (8)  desorption  of  hydro 
gen.  a.  AsH-*,  b.  As,  c.  II,  d.  Si,  e.  H0. 


I' lg  • 3. 10.<- • i eti  1 1 i op  resent  a I i on  o|  the  dopant  systim.  Pach  resistance 
corresponds  to  one  of  the  steps  in  t he  doping  process. 

^Asll  |(Asll  >)  (A-)  ' ^r<u't*on  adsorption  sites  occupied  by 

Asll  j(AsIlp)  (As) . (' : I motion  i'f  incorporation  sites  occupied 
by  As.  N^s:  dopant  concentration  in  Lite  epitaxial  film.  Pro 
cesses  ( 1 ) — ( 7 ) correspond  Lo  the  mechanisms  shown  in  Pigs.  .1 


RELATIVE  INTENSITY 


Fig.  3.13.  Intensity  of  the  diffracted  x-ray  signal  inter- 
cepted from  the  <220>  planes  of  the  1.05  ym, 
620°C  film  as  a function  of  the  tilt  angle  a. 


Fig.  3.14.  Transmission  electron  micrographs  of  films 
deposited  at  (a)  580°C  and  (b)  620°C.  The 
corresponding  transmi ssion-electron-di f frac- 
tion patterns  are  shown  below  the  micrographs. 
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RELATIVE  INTENSITY  RELATIVE  INTENSITY 


* AS  DEPOSITED 


Fig.  3.15.  Development  of  the  x-ray  texture  after 
annealing  at  the  indicated  temperatures 
for  films  deposited  at  (a)  530°C  and 
(b)  620°C. 
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Part  4 


DEVICE  SIMULATION  AND 
STATISTICAL  CIRCUIT  MODELING 

4.1  Project  Goals 

The  material  discussed  in  the  following  subsections  has  two  key 
objectives.  First,  fabrication  process  information  is  used  directly 
as  input  for  device  simulation  so  that  technology  variables  are 
correctly  reflected  in  device  characteristics.  While  the  present 
examples  of  this  process/device  simulation  coupling  focus  primarily 
on  one-dimension,  progress  on  the  two-dimensional  analysis  programs 
is  encouraging.  Second,  equivalent  circuit  and  statistical  analysis 
capabilities  are  being  developed  with  emphasis  on  predicting  geometry 
and  process  dependent  effects.  The  impact  of  this  work  on  both 
reliability  and  circuit  yield  will  be  discussed. 

This  report  gives  substantial  technical  detail  concerning  progress 
on  specific  tasks.  It  is  the  purpose  of  this  introduction  to  consoli- 
date the  separate  work  units  and  provide  background  as  needed.  In 
particular,  several  overview  figures  are  essential  in  understanding  the 
discussions  which  follow.  Figure  4.1.1a  shows  the  block  diagram  for 
program  SUPREM  [ 4 . 1 ] . This  program  is  a multi-step  process  simulator 
which  generates  impurity  profiles,  oxide  thicknesses  and  epitaxial  films 
as  a result  of  sequential  IC  fabrication  sequences.  The  efforts  described 
in  the  previous  sections  involving  oxidation,  epitaxy  and  ion  implantation 
are  currently  being  incorporated  into  the  respective  subblocks  shown  in 
Figure  4.1.1a  . Figure  4.1.1b  shows  a sequence  of  input/output  files  for 
the  SUPREM  program  which  use  the  implantation,  oxidation  and  diffusion 
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subblocks  to  generate  boron-arsenic  profiles  for  a bipolar  transistor. 


From  the  output  data  one  can  directly  obtain  information  such  as  junction 
depths  (xj)>  concentrations  (N(x)),  oxide  thickness  CXQX)  and  sheet 
resistances  (p  □) . The  capabilities  of  SUPREM  will  be  used  directly  in 
the  work  described  in  this  section.  The  detailed  discussion  of  the  SUPREM 
program  is  given  elsewhere  [4 . 1 ] . 

Figure  4.1.2  shows  in  block  diagram  form  how  the  SUPREM  program  relates 
to  the  research  efforts  to  be  discussed.  SUPREM,  based  on  fabrication 
process  specifications,  generates  doping  profiles  and  associated  physical 
and  electrical  information.  The  objective  of  the  work  discussed  in  this 
section  is  to  develop  device  and  circuit  simulation  tools  to  use  directly 
the  SUPREM-generated  data.  Specifically,  device  simulation  and  device 
analysis  based  on  SUPREM  input  can  generate  Poisson  and  transport  solu- 
tions for  one-  and  eventually  two-dimensional  device  structures.  In 
addition,  the  electrical  device  model  parameters  can  be  generated  for 
circuit  simulation.  A key  point  to  be  emphasized  here  is  that  in  addition 
to  determining  model  parameters  from  the  device  simulation,  the  under- 
lying process  and  geometry  sensitivities  can  be  explained  using  the 
SUPREM  capabilities.  The  final  block  in  Figure  4.1.2  indicates  that 
circuit  simulation  based  on  device  model  equations  is  available.  This 
report  focuses  on  two  aspects  of  circuit  simulation.  First,  modeling 
problems  associated  with  distributed  device  effects  are  discussed.  CMOS 
latch  up  circuit  models  are  described  which  relate  both  to  multiple- 
device  geometries  and  impurity  profiles.  A gate  capacitance/charge  model 
is  discussed  which  is  especially  important  for  SOS  floating  bulk  devices. 
Both  these  modeling  efforts  relate  directly  to  reliability  problems  of 


high  performance  circuit  technologies.  Second,  recent  advances  in 


statistical  circuit  simulation  are  discussed.  This  capability  is 


essential  for  understanding  the  distributions  of  circuit  performance 
parameters  — propagation  delay  for  example  — which  result  from 
both  process  and  device  geometry  variations.  The  ability  to  simulate 
and  understand  these  process  control  variables  has  a direct  relation- 
ship to  yield  and  circuit  reliability.  Figure  4.1.3  shows  the  coupling 
of  statistical  circuit  simulation,  including  parameter  correlations 
(shown  as  dashed  lines),  with  the  underlying  process  control  variables 
and  device  parameters. 

The  underlying  assertion  of  the  device  simulation  and  statistical 
circuit  modeling  efforts  is  that  for  custom  IC's  the  availability  of 
computer  tools  will  enhance  reliability,  procurement  speed  and  techno- 
logy documentation.  Reliability  depends  on  a precise  understanding  of 
technology  limits  and  device  sensitivities  with  process  and  geometry 
variations.  These  limits  and  sensitivities  can  be  predicted  using  the 
approach  shown  in  Figure  4.  1.3.  Improvements  in  procurement  speed  are 
possible  owing  to  three  factors: 

1)  The  simulation  tools  allow  easy  cross-checks  for  multiple 
vendors. 

2)  The  simulation  results  allow  bounds  to  be  established  on 
both  physical  and  electrical  parameters 

3)  Many  target-runs  can  be  avoided  by  the  use  of  simulation 
during  process  development. 

A final  outcome  of  this  work  which  is  novel  is  that  process  documen- 
tation is  available  for  the  first  time.  The  availability  of  SUPREM 


136 


makes  it  feasible  to  require  custom  IC  vendors  to  provide  process 
documentation  equivalent  to  existing  requirements  for  circuit  simulation. 

Having  stated  the  overall  objectives  of  this  work,  the  specific 
subsections  will  be  described  briefly.  Section  4.2  defines  the  mathe- 
matics for  a one-dimensional  device  simulator,  SEDAN,  which  uses  SUPREM 
output  and  generates  steady-state  Poisson  and  carrier  transport  solutions. 
Examples  are  given  for  both  bipolar  and  MOS  devices.  Section  4.3  describes 
the  results  to-date  on  two-dimensional  device  analysis.  The  introduction 
of  Section  4.3  describes  the  need  to  use  a non-rectangular  grid  approach 
as  well  as  the  broad  class  of  device  examples  which  are  to  be  studied. 

The  results  given  in  Section  4.3  show  that  quasi-one-dimensional  examples 
give  favorable  results  compared  with  SEDAN.  In  addition,  the  two-dimensional 
Poisson  solutions  for  CCD  and  SOS  devices  show  both  program  flexibility 
and  potential  for  realistic  device  applications. 

A key  limitation  in  two-dimensional  device  modeling  is  precise 
specifications  of  the  two-dimensional  impurity  profiles.  This  problem 
becomes  severe  as  device  minimum  feature  sizes  shrink  and  devices  are 
packed  more  densely.  In  addition  to  the  need  for  precise  specification 
of  two-dimensional  profiles,  potential  circuit  malfunctions  due  to  device 
interactions  become  more  likely.  Section  4.4  discusses  profile  measure- 
ment techniques  and  test  structure  results  for  a CMOS  process.  The 
results  show  that  surface  impurity  profiles  can  be  characterized  by  elec- 
trical device  measurements.  A proposed  method  for  obtaining  bulk  profile 
information  is  also  discussed.  Section  4.5  combines  profile  and  circuit 
modeling  information  in  the  prediction  of  latch  up  hazards  in  CMOS  circuits. 
The  latch  up  problem  is  a critical  one  in  the  context  of  small  geometry 
structures  and  in  the  presence  of  radiation  environments.  The  modeling 
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results  show  the  need  for  a close  coupling  of  technology  (SUPREM)  and 
device  topology  (SEDAN).  Furthermore  the  circuit  models  needed  to 
simulate  latch  up  hazards  must  correctly  reflect  the  artwork/geometry 
constraints. 

Section  4.6  describes  a gate  charge/capacitance  model  which  is  of 
special  importance  for  SOS/CMOS  circuits.  The  floating  bulk  node  of  MOS 
devices  fabricated  on  SOS  can  give  rise  to  potential  circuit  malfunctions. 
However,  to  date  the  device  models  available  for  circuit  simulation  have 
been  totally  inadequate  in  modeling  gate  charge  for  SOS.  The  model  dis- 
cussed in  Section  4.6  allows  correct  prediction  of  circuit  performance. 

The  next  step  in  this  work  is  to  use  the  two  dimensional  process  and 
device  simulation  programs  as  tools  to  define  the  charge  equations. 

Section  4.7  summarizes  recent  progress  in  statistical  circuit 
modeling  by  means  of  ECL  circuit  example.  A recent  journal  publication 
[4.2]  which  defines  the  statistical  device  model  is  included  as  an 
appendix  to  Section  4.7.  The  key  contributions  of  this  section  are  two 
fold.  First,  the  development  and  use  of  a realistic  device  model  is 
essential  for  correctly  predicting  circuit  parameter  distributions  which 
in  turn  control  circuit  yield.  Second,  the  computer  program  used  to 
demonstrate  the  circuit  simulations  is  an  efficient,  minicomputer  program 
which  brings  such  analysis  capabilities  into  a practical  range  for  user 
applications . 
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Figure  4.1.2 


Schematic  flow-chart  showing  how  SUPREM  is  used  in 
subsequent  Device  Simulation  Analysis  and  Circuit 
Simulation. 
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Figure  4.1.3  Schematic  flow-chart  showing  how  circuit  parameter 
distributions  (i.e.  T.  — delay  time)  can  be  traced 
back  to  geometry  - and  process-limiting  contributions 
by  means  of  parameter  correlations . 
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4.2  One-Dimensional  Semiconductor  Device  ANalysis  (SEDAN),  (D.C.D'Avanzo) 
Introduction 

The  electrical  properties  of  a semiconductor  device  can  be  completely 
specified  by  five  physical  relationships;  Poisson's  equation,  electron 
and  hole  transport  equations  and  electron  and  hole  continuity  equations. 
With  the  appropriate  boundary  conditions  the  coupled  equations  can  be 
solved  for  carrier  c .icentrations , current  densities  and  the  electrostatic 
potential.  The  normalized,  one-dimensional,  steady-state  equations  are: 

Poisson 

2 

d f(^  = n(y)  - p (y)  - N(y)  (4.2.1) 

dy 

Transport 


Jn(y)  = 


y (y) 

n 


(m 


y)  E(y) 


+ dn(y)  \ 


dy  / 


Jp(y)  =777y(p(y)  E(y)  ~~ d 


(4.2.2) 


(4.2.3) 


Continuity 


dJ 


n(y) 


dy 


- = U(y) 


dJ  . . 

. -UCy) 

dy 


(4.2.4) 


(4.2.4) 


kT 


The  electrostatic  potential,  is  normalized  bv  V = — where  k is 

T q 

Boltzmann's  constant,  T is  the  temperature  and  q is  the  electronic  charge. 
(The  normalizing  parameters  and  physical  constants  and  their  values  are 
listed  in  Table  4. 2.L  The  hole  and  electron  concentrations,  p and  n respec- 
tively, and  the  net  impurity  concentration,  N = Np  - NA»  are  normalized 
by  the  intrinsic  electron  density,  nio,  where  the  o subscript  denotes  the 
maximum  band  gap  value,  to  facilitate  the  inclusion  of  band-gap  narrowing 
effects.  The  inverse  of  the  normalized  hole  and  electron  mobilities  are 
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y and  y respectively.  The  electric  field  is  defined  as  the  negative 
p n 

gradient  of  the  potential;  E(y)  ■ . . The  normalized  recombination 

dy 

rate,  U(y),  includes  single  level  Shockley-Read-Hall  and  Auger  recombination 

mechanisms.  The  recombination  current  is  defined  as  the  spatial  integral 

X 

of  the  recombination  rate,  Jr(y)  = / U(y')dy'.  The  transport  equations 

•'o 

have  been  written  assuming  the  applicability  of  the  Einstein  relation  for 
non-degenerate  semiconductors. 

The  discussion  will  be  limited  to  the  npn  bipolar  transistor  structure 
in  Figure  4.2.4a  although  the  method  can  be  applied  to  any  number  and  combi- 
nation of  impurity  layers  with  two  or  three  contacts.  For  the  structure 
shown  the  positions  of  the  contacts  are  y = 0 for  the  emitter,  y = B for 
the  base  and  y = L for  the  collector.  The  selection  of  B is  not  critical 
since  the  majority  carrier  (hole)  quasi-fermi  level  is  fairly  constant  in 
the  base  region  under  most  operating  conditions.  Inclusion  of  the  base 
current  is  accomplished  by  imposing  a boundary  condition  on  the  majority 
carriers  at  B and  dividing  the  calculation  of  hole  concentrations  between 
a collector  region,  B<y<L,  and  an  emitter  region,  0<y<B.  All  potentials 
are  referenced  to  the  majority  carrier  quasi-fermi  level  at  B,  ^(B), 
which  is  set  to  zero.  The  electrostatic  potential  \p  corresponds  to  the 
potential  associated  with  the  intrinsic  Fermi  level  as  shown  in  Figure4.2.4b. 
Solutions  to  the  Transport  and  Continuity  Equations 

The  solution  technique  utilizes  Gummel's  iterative  scheme  [4.3]  so  that 
carrier  concentrations  can  be  written  as  explicit  functions  of  the  electro- 
static potential,  boundary  conditions  at  the  contacts  and  the  carrier 
concentrations  of  the  previous  iteration.  As  DeMari  has  shown  [4.4]  the 
transport  equations  can  be  rearranged  and  treated  as  linear  differential 
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equations  in  n(y)  and  p(y)  with  non-constant  coefficients  so  that  (4.2.2) 


and  (4.2.3)  become; 

+ E(y)  n(y)  = Yn(y)Jn(y) 

Mil  _ E(y)  (y)  = _y  (y)J  (y) 
dy  p p 


(4.2.6) 


(4.2.7) 


The  analytical  solutions  for  the  carrier  concentrations  are  [4.5]  for 


electrons , 


n(y)=e^(y)  Uue-^  -f  Yn(y5Jn(y’)e-^y  ,dy 


-'ML) 


holes  in  the  emitter  region 


p(y)  = e”^(y)]  p(B)e^(B)  + f Y (y')J  (y’)e^(y  ^dy’ 
I Jy  P P 

for  0<y<B 

and  holes  in  the  collector  region, 


(4.2.8) 


(4.2.9) 


p(y)  = e 


'Jp(LI«*(l)*  / Yp(y')Jp(y')et*l<y''  dy'J 


(4.2.10) 


for  B<y<L 


By  integrating  the  continuity  equations,  expressions  can  be  derived  for 


the  electron  current  density  throughout  the  structure, 
Jn(y)  = Jr(y)  + Jn(0)  0<y<L 

The  hole  current  in  the  emitter  region 
Jp(y)  = -Jr(y)  + Jp(0)  0<y<B 

and  the  hole  current  in  the  collector  region 


(4.2.11) 


(4.2.12) 


jp  (y)  - -Jr(y)  + Jp(B>  + Jr(B)  B<y<L  (4.2.13) 

Expressions  for  Jn(0),  Jp(0)  and  Jp(B)  + Jr(B)  can  be  derived  by  substituting 
(4.2.11),  (4. 2. 12)  and  (4.2-3)  into  (4.2.8),  (4.2.9)  and  (4. 2 . 1 0)  respec t ively 
and  solving  at  y = 0 for  the  first  two  cases  and  y = B for  the  third  case. 

The  results  are; 


Li 


nai.'^'-'-nCoJe-*10' 


Jn(o)  ■ 


eWir 


y'vv.^'v 


Jp(o) 


p(o)e^(o)-p(B)e4'(B)  +^Yp(y  ,)Jr(y,)e^^y,)dy' 


dy' 

L 


Jp(B)  + Jr (B) 


p(B)e*(B>-P(L)e*<L> 


(4.2.14) 


(4.2.15) 


(4.2.16) 


yYp(  y,)e^(y,)dy' 

o 

To  simplify  the  notation  the  following  definitions  will  be  used; 


FnL(y)  ‘ / Vy'^'^’V 

y 

L 

FRnL(y)’  /vn(y’)Jr(y,)e'*(y,)dy' 

y 

B 

Vy)  ' /vp(»'>«'My',<iy' 

y 

B 

FR  B(y>-  / Yp(y,)Jr(y,)e^(y,)dy’ 
p y 

L 

F <y)  - /yp( y'Je^'V 
p y 

L 

FR  . ( y ) — / Yp(y,)Jr(y,)^(y,)dy’ 
^ y 
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- 


Equations (4. 2. 14),  (4.2.15),  and  (4.2.15)  become; 


n(L)e"^(L)-n(o)e~'|;(o)-  FRnL(o) 


J (o) 


Jp(o) 


F (o) 
nL 


p(o)e^(o)-p(B)e^(B^+  FRpB(o) 
FpB(o) 


J (B)  + J (B) 
P 


p(B)eli'(B)-p(L)e4’(L)+FRpL(B) 

V¥) 


(4.2.17) 


(4.2.18) 


(4.2.19) 


Rewriting  the  carrier  concentrations  including  the  recombination  and  terminal 
currents  results  in; 


, , iKy)Jn/Tx  -<Kl) 

n(v)  = er  7 < n(L)e 


»(y)  = e^7^n(L)e  T'“'-  n(L)e  “jsy 

nL 

F„i>> 


*«■>  ♦ »(o)e-*(o)  KS 

nL 


+ FR  (o)  ~ FR  , (y) 

nL  FnLCo)  nL 


(4.2.20) 


-tMyJ  iHRl  . , tfi(o)  FpB(y)  - r tt ^ (B ) FPfi(y) 
p(y)  = e Vly;{p(B)eVl  ' + p(o)e^  — -^y  - p(B)e  j—q y 

\ pB 


+ FR  „(o) 


PBV  F (o)  pB 

pH 


FR  (y)  > for  0<  y<B  (4.2.21) 


f , (y) 


p(y)  = e 


■«rt|p(Oe4'<l>+  P(B)/<B> 

PL 


FpLm 


F I (y) 

+FR  _ (B)  -P-.-T  - FR  (y) 
pL  Fp^(B)  pL 


for  B<  y<  L (4.2.22) 


147 


Except  for  numerical  limiations  which  will  be  discussed  in  a later 
section,  equations  (4.2.17)  through  (4.2.22)  in  conjunction  with  (4.2.11), 
(4.2.12),  and  (4.2.13)  completely  describe  the  solutions  of  the  transport 
and  continuity  equations  for  the  one-dimensional  steady  state  situation. 
Concentrations  are  expressed  as  explicit  functions  of  the  electrostatic 
potential,  <p(y)  the  recombination  current,  Jr(<Ky),  P(y)>  n(y)),  and  the 
boundary  conditions,  \p,  p and  n at  y-0,  B and  L. 

Solution  to  the  Poisson  Equation 

The  solution  to  the  normalized  one-dimensional  Poisson  equation  can  be 
found  by  Newton-Raphson  iteration.  Equation  (4.2.1)  is  discretized  on  a non- 
uniform  grid  and  transformed  to  a set  of  non-linear  difference  equations 
which  form  a vector,  F(iJj),  whose  m'th  element  is  defined  by. 


dVl(dVl+dymj  Vl 

2 

+ dy  /dy  + dy  \Vm+l 
7m(  m+1  ml 


n + p + N (4.2.23) 

m m m 


where  dy  = V - y , • Letting  represent  the  potential  vector  of  the 
m m m-1 

previous  iteration  then  the  potential  vector  of  the  next  iteration 

-k+1 

if)  , can  be  obtained  by  the  Newton-Raphson  method  which  in  matrix  form 
is  [4.6]; 


F’(^k)  . (ij;k+1  - 4>k)  = -F(ij;k) 


(4.2.24) 


3f, 


i 

where  F',  the  Jacobian  of  F,  contains  the  elements  F'  *,—7—  forl<i,j<£ 

i j 0 V . 


j 


where  l is  the  number  of  grid  points  and  f^  is  the  i'th  element  of  F. 

For  purposes  of  calculating  the  Jacobian  it  is  convenient  to  assume 
Boltzmann  statistics  for  the  carrier  concentrations  such  that; 


' niE,m'xp(V 

' niE,mex*,(  ^p,m-  ^ni) 


(4.2.25) 

(4.2.26) 
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where  4>^  and  ({^  are  the  electron  and  hole  quasi-fermi  levels  and  is  the 
effective  intrinsic  electron  concentration.  (As  will  be  discussed  in  a 
later  section  the  band  gap  and  as  a consequence  the  intrinsic  electron  con- 
centration depend  on  the  impurity  concentration. ) The  assumption  of  Boltz- 
mann statistics  in  the  Jacobian  does  not  preclude  the  use  of  Fermi-Dirac 
statistics  since  n and  p appear  explicitly  in  Poisson's  equation.  The  tri- 
diagonal matrix  F'  is  obtained  by  substituting  (4.2.25)  and  (4.2.26)  into 
(4.2.23)  and  differentiating.  The  m'th  row  of  F'  has  off  diagonal  elements. 


dym+l(dym+l 
and  diagonal  element. 


+ dy 
m 


ihe  matrix  equation  4.?. 24  is  readily  inverted  by  LU  decomposition  and 
Gauss  elimination  techniques  [4.5]  and  the  improved  potential  values  i|Tk+1 
are  obtained. 

General  Iteration 

In  the  last  two  sections  solutions  were  derived  for  carrier  concen- 
trations from  the  continuity  and  transport  equations  given  the  potential, 
and  for  the  potential  from  Poisson's  equation  given  the  electron  and  hole 
densities.  In  this  section  a general  iterative  scheme  will  be  outlined 
which  couples  the  two  solutions  in  a manner  which  results  in  convergence 
under  most  bias  conditions.  The  iterative  loop  is  diagrammed  in  the  flow 
chart  of  Figure  4.2.5. 
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After  specifying  the  impurity  concentration  profile  the  concentration 


dependent  physical  parameters,  n^,  Yn»  Yp  are  calculated  and  the  non- 
uniform  grid  is  determined.  The  first  step  is  to  solve  for  the  equilibrium 
case  (zero-bias).  Initial  guesses  for  iKy) » n(y) , and  p(y)  are  determined 
from  the  neutrality  condition,  n-p  = N or  assuming  Boltzmann  statistics, 

n.  exp  (4<-4>  ) - n . _exp  (4>  -ill)  = N (4.2.27) 

i£  n iE  p 


In  equilibrium  <t>n(y)  “ 

exp  (40  - exp  (-40 


(y)  * 0 so  that  (4.2.27)  becomes; 


iE 


(4.2.28) 


Multiplying  both  sides  of  (4.2.28)  by  exp  (40  , adding 


4n^iE 


and 


rearranging  results  in, 

N 

exp  (2\j0 exp  (40  + — « 

niE  4n2 


1 + 


(4.2.29) 


iE 


4n 


iE 


or 


exp(tjj) 


-t) 


1 + 


4n 


iE 


and  solving  for 

4/=  ± 2n 


(4.2.30) 


where  the  positive  signs  apply  to  N > 0 and  the  negative  signs  to  N <0. 
Equation  (4. 2. 30)  is  solved  at  each  grid  point  and  the  resulting  values  of  <p. 
are  used  to  calculate  n and  p.  The  initial  estimates  are  substituted  into 
the  Newton-Raphson  formulation  of  Poisson 1 s equation  to  obtain  improved 
values  at  ip  which  are  used  to  calculate  new  values  of  n and  p,  from 
Boltzmann  statistics . The  process  is  repeated  until  convergence  is  achieved. 
The  loop  required  in  equilibrium  or  for  an  MOS  capacitor  does  not  include 
the  continuity  and  transport  solutions  since  no  current  is  flowing  under 
either  condition. 
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After  convergence  of  the  equilibrium  solution,  desired  bias  voltages 

are  applied  between  the  base-emitter  junction,  V , and  the  collector- 

base  junction,  V . The  bias  voltages  affect  the  boundary  conditions  as 
CB 

shown  in  Figure  4.2.4b,  assuming  equilibrium  at  the  end  contact; 

<f>p(o)  = <t>n(o)  - - VBE  (4.2.31) 

and 


ML)  = (L)  = V 

p n CB 


(4.2.32) 

If  charge  neutrality  and  Boltzmann  statistics  are  also  assumed  then 

2 1 
N(o) + N(o) 


<K°)  - -VBE  + £n  + 


if- 


4niE  (o)- 


2niE(0) 


*a,  - vCB  + ♦ -^-2  * f^j 


(4.2.33) 


(4.2.34) 


and 

n(o)  = niE(°) 

n(L)  = niE(L) 

P(o)  = n1E(o) 

p(L)  = n (o) 
iE 


exp  | 

Mo)  ♦ vBEj 

exp  | 

ML)  - vCBj 

exp  , 

[-''be  - *"»} 

exp  , 

[VLB  -*(L>} 

(4.2.35) 

(4.2.36) 

(4.2.37) 

(4.2.38) 


Equations  (4.2.33)  through  (4.2.38)  constitute  a complete  set  of  boundary 

conditions  at  the  emitter  and  collector  contacts  while  the  assumption  of 

Boltzmann  statistics  and  the  restriction  that  <j)  (B)  = 0 represent  a 

P 

complete  set  of  boundary  conditions  at  the  base  contact.  However,  all 
carrier  concentrations  and  current  densities  are  written  in  terms  of 
general  boundary  conditions  and  are  not  necessarily  restricted  to  the 
preceding  assumptions. 
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Poisson's  equation  is  solved  subject  to  the  new  boundary  conditions 

and  the  values  of  n,  p and  ip  from  the  previous  bias  or  equilibrium  solution. 

For  the  bipolar  transistor  or  diode  the  electric  field  is  calculated  from 

k+1 

the  spatial  derivative  of  the  improved  potential  values,  , the  normalized 

hole  and  electron  mobilities  are  determined  as  a functions  of  the  field. 

k+1 

The  recombination  rate,  U,  is  determined  as  a function  of  and  the  hole 

k.  k 

and  electron  concentrations  from  the  previous  iteration,  n and  p . The 

k+1 

recombination  current,  Jr  , is  calculated  by  integrating  U.  Hole  and 

electron  concentrations  and  current  densities  are  derived  from  the  solutions 

k+1  k+1 

to  the  continuity  and  transport  equations  as  functions  of  ip  , Jf  , 
k+1  k+1 

and  Yp  and  the  boundary  conditions.  The  new  values  of  n and  p 
are  substituted  into  Poisson's  equation  and  improved  potential  values  are 
calculated.  The  loop  continues  until  the  convergence  criterion  is  satis- 
fied and  new  bias  conditions  can  be  imposed. 

The  total  current  densities  are  calculated  from  the  hole  and  electron 
current  densities  at  the  contact  using  the  conventional  polarities; 

J„  - - (4.2.39) 

(4.2.40) 

(4.2.41) 

The  highest  degree  of  non-linearity  is  introduced  through  the  recombination 
current  Jr  since  it  depends  on  the  values  of  n and  p from  the  previous 
iteration.  As  a result,  the  number  of  iterations  required  for  convergence 
increases  with  increasing  recombination  currents  (The  recombination  rate 
calculation  will  be  discussed  in  a later  section.)  This  effect  is  inten- 
sified at  high  forward  bias  and  limits  the  practical  range  of  V to 
approximately  0.9  volts.  However,  the  limiting  value  is  well  beyond 
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the  threshold  for  high  level  injection  as  will  be  shown  in  the  examples. 

The  preceding  sections  have  outlined  a solution  method  which  in 
principle  can  determine  the  electrical  properties  of  one-dimensional 
semiconductor  structures  in  steady-state.  However,  as  De  Mari  has 
demonstrated  [4. 4]  two  numerical  features  of  the  formulation  limit  the 
usefulness  of  the  solution.  In  the  next  two  sections  methods  will  be 
presented  to  avoid  these  limitations. 

Reformulation  to  Avoid  the  Differences  Between  Nearly  Equal  Numbers 

Under  high  forward  bias  conditions  intolerable  errors  are  introduced 
because  certain  terras  in  the  expressions  for  carrier  concentrations  become 
nearly  equal. 

For  the  electron  concentration,  equation  (4.2.20),  when  y is  close  to 

0 and  F L(y)  ~ FnL(°)»  the  lst  and  2nd  terms  and  the  and  5th  terms 

within  the  brackets  become  nearly  equal.  If  their  differences  are  compa- 
rable in  magnitude  to  the  3rd  term  loss  of  significant  digits  and  large 
errors  in  the  concentration  calculation  result. 

This  problem  can  be  avoided  by  defining  the  integrals  [4.4], 

F (y)  Yn(y’)e~'l'(y')dy' 

no  / n 

y 

FR  (y)  = fyn(y')J  (y,)e“^(y,)dy' 
no  J n 

o 

and  observing  that; 


Fr,L(o)  ' + F„o(>') 

FV0>  * + FRno<F) 

Substituting  these  expressions  into  equation  (4.2.20)  and  rearranging 
vields. 
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r 


e<l»(y) 
n(y)  " 7~ao) 

nL 


n(L)e"*(L)P_(y)  + n(O)e'1,(0^(y) 


no 


(4.2.42) 


+ FVy)F1<F>  - Fno(^)FR„l(>’) 


which  is  immune  to  the  problem  of  small  differences  between  nearly  equal 
numbers . 

An  analogous  situation  exists  for  holes  in  the  emitter  region,  equation 
(4.2.21),  where  the  1st  and  3rd  terms  and  the  4th  and  5th  terms  tend  to 
cancel  when  y s 0.  In  this  case  the  following  integrals  are  defined. 


= j\  <*•>« 


<Ky') 


dy* 


^(y)^  Jyp(y,)jr(y’)e','(y,)dy’ 


and  the  substitutions 

v°>  • W”>  ■ Wy) 

FV°)  ■ ’V’0  + FRP0W 

are  made  in  equation  (4.2.21).  The  resulting  expression  for  holes  in  the 
emitter  region  is; 


ei|»(y) 

PW  ‘ 1 


p(B).*(B)y  (y>  +p(o)e*<0>F  (y) 

p o p o 


(4.2.43) 


+ FRpo(y)FPB(y)  " FRt,B(y)FPo(y)] 
for  0 < y<B 

In  a similar  manner  integrals  can  be  defined  and  substituted  into  the 
expression  for  holes  in  the  collector  region,  equation  (4.2.22)  ; 


Fpc (y) H / yp(y,)e^(y  V' 
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J 

FR  (y)  = fy  (y ' ) J (y ' ) (y ' } dy ' 

P*-*  tT  P 


F (B)  = F (y)  + F (y) 

PL  PC  PL 

FR  (B)  = FR  (y)  + FR  (y) 

PL  pC  7 PL  7 

and  the  resulting  expression  for  holes  is; 


I p(L)e^(L)F  (y)  + p(B)e^(B)F  . (y)  + FR  (y)F  (y) 
FpL(B)  I pc  pL  PC  PL 


- FR  (y)  F fy) 
pL  pc 

for  B < y < L 


(4.2.44) 


Potential  Scaling  to  Avoid  Overflow 

The  formulation  in  the  preceding  sections  is  general  in  principle 

but  limited  in  practice  by  the  maximum  representable  number  in  the  computer. 

In  the  case  of  HP  2100  minicomputers  the  maximum  number  is  on  the  order 
39 

of  1 x 10  which  limits  the  bias  range  to  approximately  two  volts,  since 

39 

exp(V/ (kt/q) ) 1 x 10  when  V = 2.0  volts.  To  avoid  this  problem  De  Mari 

has  shown  [4.4]  that  the  potential  distribution  can  be  divided  into  a number 
of  cells  such  that  a unique  scaling  voltage  is  defined  within  each  cell. 

The  scaling  voltages  are  subtracted  from  the  actual  potentials  so  that 
the  exponential  terms  never  overflow. 

To  implement  this  method  the  potential  distribution  is  divided  into 
k cells  as  shown  in  Figure  4,2.26. If  exp  (R)  is  the  maximum  representable 
number  than  the  cell  potential  height  is  2R  (except  for  the  k'th  cell 
whose  height  is  R and  the  first  cell  which  does  not  require  scaling  under 
active  bias  conditions).  The  scaling  potentials  in  each  cell  is  defined 


as  the  average  of  the  cell  boundary  potentials; 
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(4.2.45) 


*oj  “ ^c(j)  + «c(j-D)/2 

where  j denotes  the  cell  number,  ((J^*  (L.) ) . The  boundary  potentials 

and  coord inants  are  defined  in  Table  4.2.2. 

The  procedure  requires  defining  new  integrals  so  that  all  exp  (i|>) 
terms  are  transformed  to  exp  - \p  ).  The  expressions  for  carrier 

°j 

concentration  are  then  reformulated  in  terms  of  the  new  integrals  and 

are  independent  of  the  scaling  voltages.  The  electron  integrals  are; 

L 

Fnj  (y)  - f Yn(y')exp(4/oj  - ij;(y'))  dy'  (4.2.46) 


FR 


nj 


u 

(y)  - / y (y')J  (y')exp(^  . ( y ’ ) ) dy' 
„ n r °J 


(4.2.47) 


If  y is  in  the  jth  cell  then  the  upper  limit  of  integration  becomes 

y (j+1)  since  for  y > y (j+l),i|;  -'P(y)  will  be  large  and  negative  so 

c c 0j 

that  contributions  to  the  integrals  are  negligible.  F (y)  . exp(-ijj  ) 

nj  oj 

and  FR  , (y)  . exp(-U>  .)  can  be  substituted  for  F and  FR  in  equations 
nj  oj  nL  nL 

(4.2.20)  and  (4.2.17)  resulting  in; 
i^(y)  - ^ 


n(y) 


oj 


F , «,)/«»  -*01 
nl 


j(n(0)  - n(L)  / (e^(L)  ~^(0)  Fnj  (y)) 


. P.ikU 
1 .!./*  \ 


<|»(o) 


01  i|»(0)  - 


e*('.)-*0J 


F + e 
nl 


(Frnl(0)V>') 


- V°)FVy)>) 


and 


Jn(0) 


-4>(D  Hj  -iKO) 

n(L)e  - n (0)e  - FR^  (0) 


(4.2.48) 

(4.2.49) 


/Fni(°) 
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The  terms  containing  the  exp  (-i^(L))are  negligible  when  >p(L)  is  large  and 
can  be  set  to  zero. 

For  holes  in  the  collector  region  the  corresponding  integrals  are; 


pj  ’P 


} PC y')  - Pni 

y (y')e  OJ  dy' 

j D 


(4.2.50) 


iKy')  - <J> 


FR  . = fy  (y  ’ ) J (y’)e'  ' oj  dy' 

Pj  J P r 


(4.2.51) 


In  this  case  the  integration  is  from  B to  y so  that  contributions  to  the 
integral  when  | iji  (y')  - i{>  | is  large  can  be  neglected. 

The  non-scaled  integrals  become; 


ip  , 4>  . 

V(y)  = 6 V(L>  - S °J  Fpj(y> 


(4.2.52) 


Pa 

FR  ( y ) = e FR  . (L)  - e 0J  FR  . (y) 
pL  pk  PJ 


(4.2.53) 

Substituting  into  equations  (4.2.22)  and  (4.2.19)with  the  condition  that 
tj>ok  = ip (L)  results  in; 


- >Ky) 


^ ‘ rrtLT 
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p(L)  - p(B)e 


<KB)  - <KL 


/F  (y)+ 
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p(B)e 


*(B)  - 


oj 


and 


VL)  + (FVy,V<L)  - FVL)FPj<!,>)} 


Jp(B,  + Jr(.)  - PW^1”  - »<L>-p(L)  + FRpt(L) 


(4.2.54) 


Fpk(L) 


(4.2.55) 


Again  the  terms  involving  exp  (hJi(D)  become  negligible  for  large  ip(L). 
Incorporating  potential  scaling  in  the  collector  region  allows  large  reverse 
biases  across  the  collector  base  junction.  Large  forward  bias  on  the  base- 
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emitter  junction  can  be  maintained  simultaneously  since  the  expression 
for  hole  density  in  the  emitter  region  (4.2.43)  has  been  rearranged  to  avoid 
small  differences  between  nearly  equal  numbers.  The  following  section 
completes  the  program  description  with  a discussion  of  mobility,  recombina- 
tion and  band-gap  narrowing. 

Physical  Models 
Mobility 


Hole  and  electron  mobilities  are  expressed  as  empirical  functions 

of  impurity  concentration  and  electric  field.  In  general; 

1 

(1  + E(y)/Ec)  (4.2.56) 

Values  of  the  empirical  constants  for  electrons  and  holes  are  listed  in 
Table  4.2.3. 

Band-Gap  Narrowing 

17  -3 

When  the  impurity  concentration  is  greater  than  10  cm  electron 
wave  functions  associated  with  the  impurity  energy  levels  begin  to  overlap 
forming  bands  which  in  turn  overlap  the  intrinsic  conduction  and  valence 
band  edges.  The  spread  of  energy  levels  causes  localized  band  gap  narrowing 
and  as  a result  an  increase  in  the  effective  intrinsic  electron  concentra- 
tion, Slotboom  has  shown  [4.8]  that  the  band  gap  narrowing  effect  can 

be  accounted  for  by  defining  an  effective  intrinsic  electron  concentration; 


u(y) 


( 


min 


max 


min 


n1E(y)  ‘ "l0'XP 


M-^+V"taSf2  + c)) 


I v 

|2kt/q 


(4.2.58) 


where  is  the  intrinsic  electron  concentration  without  band  gap  narrowing. 


9 mV,  N 


. -.17  -3 

10  cm  and  C 


0.5.  The  mathematical  model  derived  in 


the  previous  sections  facilitates  incorporation  of  ni£(y)  since  the  independent 
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variables  are  n and  p.  As  a result  n appears  explicitly  only  at  the 

It 

boundaries  and  in  the  expression  for  recombination  rate. 

Recombination 

The  recombination  rate  is  calculated  assuming  the  hole  and  electron 

concentrations  and  the  electrostatic  potentials  are  known.  Consequently 

any  recombination  term  which  depends  on  n,  p and  ip  can  be  easily  incorporated 

into  the  model.  The  present  formulation  includes  single  level  Shockley- 

Read-Hall  (SRH)  and  Auger  recombination  mechanisms.  The  unnormalized 

recombination  rate  is  U(y)  = U + U. . The  SRH  component  is; 

oRH  A 


n ln(y)p(y)  - n.  (y)  I 

U (v)  = — L 

SRH 'y  t (n(y)  + ^ (y)  + tn(p(y)  + Pj  (y) ) 


(4.2.58) 


where  T and  T are  the  hole  and  electron  lifetimes  respectively  in 
P n 

seconds  and  n2(y)  = niE(y)exp(ET/kt-iJj(y))  and  p^y)  = "^(yjexp  ('P(y)  ~ 
E^/kt)  where  is  the  trap  energy  level  measured  in  electron  volts  from 
the  intrinsic  fermi  level.  The  Auger  component  is; 

UA(y)  = |Cn(n2p  - n nle2)  + Cp(p2n  - pn^2)}  n^3 

„ -31  6 -32  f. 

where  C = 2.8  x 10  cm  /sec  and  C = 9.9  x 10  cm  /sec. 
n p 

Applications 

SEDAN  is  capable  of  analyzing  a wide  variety  of  one  dimensional 


device  structures  and  is  limited  only  by  the  requirement  of  two  or  three 
contacts.  The  information  obtained  from  the  device  analysis  includes 
values  of  the  independent  variables  p,  n,  ip,  Jn  and  Jp  over  the  specified 
bias  range  as  well  as  any  parameters  which  can  be  derived  from  the  inde- 
pendent variables  such  as  electron  and  hole  quasi-fermi  levels,  terminal 
currents,  junction  capacitance,  integrated  charge,  etc.  The  following 
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examples  demonstrate  calculations  for  several  different  device  structures 
including  a PIN  diode,  an  NPN  transistor  and  an  MOS  capacitor. 

PIN  Diode 

The  diode  considered  in  this  example  is  2.0  microns  in  total  length 
and  is  divided  into  100  grid  elements.  The  PIN  impurity  profile  is 
constructed  analytically  using  two  Gaussian  diffusions  and  a constant 
substrate.  (Alternatively,  measured  or  simulated  profiles  can  be  read 
directly  from  data  files).  Figure  4.2.7  shows  the  hole  and  electron  concen- 
trations under  reverse  bias,  and  moderate  and  high  forward  bias.  For  the 
reverse  bias  case  hole  and  electron  concentrations  fall  off  exponentially 
through  the  depletion  region  while  in  forward  bias,  the  exponential  depend- 
ence is  modified  by  recombination  in  the  depletion  region  and  the  non- 
uniform  profile.  For  high  level  injection  the  electron  and  hole  concen- 
trations rise  above  the  donor  and  acceptor  levels  and  are  roughly  equivalent 
throughout  the  lightly  doped  portion  of  the  device. 

Figure  4.2.8  shows  the  effects  of  recombination  and  band  gap  narrowing 
on  the  forward  characteristics  of  the  PIN  diode.  If  recombination  and 
band  gap  narrowing  are  neglected  then  the  current  density  displays  the 
familiar  exponential  dependence  on  the  applied  bias  voltage.  When  recom- 
bination is  included  the  recombination  current  in  the  space  charge  region 
dominates  at  low  bias  levels,  increasing  the  current  density  and  increasing 
the  slope  of  the  exponential  dependence.  Band  gap  narrowing  tends  to 
increase  the  current  without  changing  the  functional  dependence  on  applied 
bias  since  the  current  density  is  approximately  proportional  to  n^. 

NPN  Tran s lstor 

Figure  4.2.9a  shows  the  impurity  profile  and  hole  and  electron  concen- 
trations for  a typical  epitaxial  bipolar  transistor  operating  in  the  normal 
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active  mode.  The  impurity  profile  is  constructed  analytically  using 
three  Gaussian  diffusions  and  a constant  epitaxial  layer  and  is  divided 
into  100  grid  elements.  The  electrostatic  potential,  \p,  and  the  electron 
and  hole  quasi-fermi  levels  <f>n  and  are  plotted  in  Figure  4.2.9a.  The 
hole  quasi-fermi  level  is  roughly  constant  throughout  the  base  region 
confirming  the  assumption  that  the  choice  of  the  base  contact  position 
is  non-critical.  The  kink  in  the  hole  quasi-fermi  level  near  the  end 
of  the  collector  depletion  region  is  due  to  the  large  generation  rate 
in  the  space  charge  layer. 

Similar  information  is  plotted  for  high  level  injection  in  Figures 
4.2.10  (a)  and  (b).  In  this  example  VBE=0.8  volts  and  VCB«0.5  volts. 

The  hole  quasi-fermi  level  remains  constant  throughout  the  base  region 
even  under  high  level  injection.  The  hole  and  electron  concentrations 
now  exceed  the  donor  and  acceptor  concentrations  resulting  in  base 
"push-out"  and  increased  integrated  base  conductivity  Both  of  these 
effects  tend  to  decrease  8 and  impede  the  rise  of  collector  current, 

Jc>  at  high  forward  bias  as  can  be  seen  in  Figures  4.2.11(a)  and  (b) 
Another  second  order  effect  is  apparent  at  low  bias  where  recombination 
in  the  base-emitter  space  charge  region  increases  the  base  current, 

Jg,  and  decreases  0. 

MOS  Capacitor 

Analysis  of  an  MOS  capacitor  consists  of  solving  Poisson’s  equation 
in  the  direction  perpendicular  to  the  oxide  interface  since  steady  state 
current  can  be  neglected.  The  dissimilarity  in  dielectric  constants 
across  the  oxide-silicon  interface  is  accounted  for  by  including  a 
normalized  relative  permittivity,  C^,  in  Poisson's  equation.  The  matrix 
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F'  of  equation  (4.2.24)  is  multiplied  by  the  vector  Er  whose  elements  are 
defined  by; 


1 for  i > I 


where  is  the  grid  node  corresponding  to  the  oxide  thickness,  and 

and  e ^ are  the  permittivities  of  the  oxide  and  silicon  respectively. 

Metal  semiconductor  work  functions  and  oxide  charges  are  incorporated 

by  offsetting  the  applied  bias  by  a flat-band  voltage. 

Figure  4.2.12  shows  the  electron  and  hole  concentrations  for  several 

gate  voltages  in  a surface  implanted,  p-substrate  device.  The  total 

electron  charge,  Q , and  the  total  net  charge,  Q , (Q  is  the  integral 
n net  net 

of  | + n-p I throughout  the  structure)  are  plotted  as  functions  of  the 

surface  potential  in  Figure  4.2.13.  Three  distinct  operational  regions, 
accumulation,  depletion  and  strong  inversion,  are  evident.  Other  applic- 
ations to  MOS  capacitors  include  the  effects  of  back-gate  bias  and  the 
presence  of  one  or  more  junctions  beneath  the  surface. 

Conclusion 

A detailed  description  of  a one-dimensional  steady-steady  semiconduc- 
tor analysis  program  has  been  presented.  Fundamental  equations  were 
outlined,  numerical  procedures  were  discussed  and  several  applications 
to  one  dimensional  structures  were  presented. 

Future  work  will  emphasize  unique  applications  of  the  one-dimensional 
solution  to  two-dimensional  problems  by  coupling  the  numerical  solution  in 
one  dimension  with  analytical  or  numerical  solutions  in  the  other  dimension. 
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This  quasi-two  dimensional  approach  is  especially  useful  for  VMOS  and 
DMOS  transistors  since  channel  impurity  profiles  vary  in  a direction 
parallel  to  the  surface  while  current  perpendicular  to  the  surface  is 
usually  negligible  under  most  operating  conditions. 

Two  important  objectives  of  numerical  device  simulation  are  to 
understand  the  dominant  physical  mechanisms  determining  device  performance 
and  to  apply  this  knowledge  to  analytical  models  for  use  in  circuit 
simulation.  The  one-dimensional  analysis  program  will  contribute  to 
these  objectives  standing  alone  in  some  cases  and  coupled  with  additional 
analysis  techniques  in  other  cases. 


m 


Table  4.2.1 


Normalized  parameters,  normalizing  factors  and  physical  contacts 


Normalized  quantity  Normalization  factor 


Description 

Symbol 

Symbol 

Value 

Units 

Position  coord inant 

y 

L=VVsi/q  niQ 

3.405  x 10~3 

cm 

Electrostatic  potential 

•-P  ' 

VT  = kT/q 

.02586 

volts 

Quasi-fermi  levels 

n p 

VT 

.02586 

volts 

Electric  field 

E 

vt/li 

7.595 

V/cm 

Carrier  densities  and 
effective  intrinsic 

10 

-3 

cm 

electron  concentration 

n’P’niE 

n. 

io 

1.45  x 10 

Net,  donor  and  acceptor 
densities 

"•Vd 

nio 

1.45  x 1010 

-3 

cm 

Carrier  mobilities 

-1  -1 
Yn  *Yn 

n p 

uo 

1.0 

cm^/V-sec 

Recombination,  electron 
and  hole  current 
densities 

Jr »Jn*Jp 

Jo5,1UonioVl/Ll 

1.762  x 10-8 

coul 
sec-cm  z 

Recombination  rate 

U 

°o3Vt%/Li 

3.234  x 1013 

1 /sec-cm 

Physical  Constants 

Boltzmann's  constant 

k 

8.62  x 10"5 

ev/  °K 

Temperature 

T 

300 

°K 

Electronic  charge 

q 

-19 

1.6  x 10 

coul. 

Si  permittivity 

fsi 

1.04  x 10~12 

Farad /cm 

Si02  permittivity 

e 

ox 

-12 

3.3  x 10  “ 

Farad /cm 

j 

Table  4.2.2 

Potential  and  Spatial  Boundaries  for  Potential  Scaling  Cells 

Cell  //  Potential  Boundaries  Spatial  Boundaries 


1 

2 

j 

k-1 


(D  > 'P(y)  > <M2) 

C C 

V (2)<  ip< y)  < * (3) 

C . c 

H>c(J)si(y)  <<l»c(J+i> 

^ (k-l ) < ip( y)  < (k) 

c c 

i|Mk)<  ip(y)  < iJ;c(k+l)=iHL) 


0=y  (1)  < y < y (2)  = B 

L C 

yc(2)<y<  yc(3) 

yc(j)<  y<  y?^+1> 

yc(k-l)<y<  yc(k) 
y£(k)<  y < yc  (k+1 ) = L 


k 


Table  4.2.3 


5 


Mobility  Parameters 

Umax 

2 . 

cm  /V-sec 

U . 
min 

cm^/V-sec 

N* 

-3 

cm 

k 

E 

c 

V/cm 

n 

1350 

130 

5 x 10 

0.72 

>396 

P 

475 

90 

3 x 1016 

0.76 

20,000 
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Figure  4.2.5  - Flow  diagram  of  the  general  iteration  procedure. 
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CM-3 


RMPS/CM2 


>r » ve  r sus  bias  voltage  for  reconbinat ion 

• *r..wmg,  re<  omb  inat  ion  alone  and  no 

■ Hang  gap  narrowing. 


RMPS/CM2 


DEPTH  (microns) 

(b) 

Figure  4.2.9  - Electron,  n,  hole,  p,  and  impurity  concentrations  N^,  ND 

versus  depth  (a)  and  electrostatic  potential,  and  hole  quasi- 
fermi  potentials,  ^ and  $ , versus  depth  (b)  for  an  actively 
biased  npn  transistor  under  low  level  injection. 


I 


VBE  IV) 


00 

Figure  4.2.11  - B versos  collector  current  density  (a)  and  collector  current 
density  J_  and  base  current  density,  J„  , versus  base  emitter 
voltage,  V , (b)  for  the  npn  transistor  in  Figures  4.2.9  and 
4.2.10. 
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RMPS/CM2  BETA 


4.3  Finite  Elements  for  Semiconductor  Device  Simulation  (S.Y.  Oh,  R.  J.  Lomax) 


1 . Introduction 

A two  dimensional  device  analysis  program  is  a powerful  tool  for 
understanding  and  modeling  semiconductor  devices,  especially  in  high 
performance  devices  like  SOS,  DMOS,  VMOS  and  short  channel  MOS . Speci- 
fically, SOS  devices  exhibit  thi  uevice  effects  typical  at  most  high 
performance  structures  such  as  punch-through  saturation,  drain  avalanching, 
charge  pumping  to  the  bulk  and  associated  capacitance  effects.  To  simu- 
late these  effects  properly  it  is  essential  that  the  device  analysis  be 
two  dimensional. 

The  device  analysis  program  developed  by  Sutherland  [4. 13]  which  is 
available  in  the  public  domain,  has  some  limitations  and  therefore  is 
not  adequate  for  all  of  these  applications.  Sutherland's  program  uses 
a finite  difference  formulation  and  is  limited  to  rectangular  geometry. 

A large  number  of  nodes  is  wasted  if  the  boundary  is  non-planar  due  to 
the  requirement  of  a rectangular  mesh  region.  Further,  his  solution 
method  introduces  a stream  function,  which  requires  zero  divergence  of 
the  current  density,  thus  excluding  not  only  time-dependent  solutions 
but  also  generation  and  recombination.  Finally,  his  program  solves  only 
one  carrier  transport  equation,  so  there  is  no  way  to  simulate  substrate 
currents  generated  when  avalanching  takes  place,  or  when  charge  pumping 
effects  are  present. 

In  order  to  overcome  the  above  limitations,  a two  dimensional  finite 
element  analysis  program  is  being  developed,  which  is  based  on  the  work 
of  Barnes  and  Lomax  [4.9],  [4 . 1 0 ] , and  [4 . 1 1 ] . The  advantages  and  potential 
of  this  program  are: 
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1)  Due  to  use  of  the  finite  element  method,  the  mesh  shape  Is  not 
limited  to  rectangular.  It  is  therefore  suitable  for  simulating 
devices  which  have  non-planar  geometry. 

2)  Due  to  the  natural  boundary  condition  property  [4 . 1 1 ] of  the  finite 
element  method,  it  is  easy  to  implement  the  boundary  conditions. 

In  particular,  it  is  very  straightforward  to  simulate  the  insu- 
lating substrate  boundaries  of  SOS  and  GaAs  devices. 

3)  It  allows  both  steady  state  and  time  dependent  simulation, 
therefore  it  is  possible  to  simulate  transient  effects  like 
charge  pumping. 

4)  It  solves  both  the  hole  and  electron  transport  equations, 
therefore  it  is  possible  to  simulate  the  substrate  current 
arising  when  avanlanching  takes  place,  and  the  effects  of 
charge  pumping. 

The  basic  formulation  of  the  finite  element  method  is  given  in  ref- 
erence [4.1l].  The  current  conservative  properties  are  discussed  in 
Section  2 and  the  implementation  in  Section  3.  Several  improvements 
on  the  original  program  of  Barnes  and  Lomax  are  necessary  for  simulation 
of  devices  having  realistic  doping  levels  and  dimensions  for  a reasonable 
cost. 

1)  The  time  scheme  used  previously  was  not  fully  implicit  but 
evaluated  some  terms  in  past  time.  In  this  time  scheme,  the  time  step 
is  limited  by  the  dielectric  relaxation  time  T.  x is  extremely  small 
in  the  high  doping  region  or  strongly  inverted  channel  (for  example; 
if  Nj  - 10^  cm  ^ then  t * 3 x 10  ^sec) , therefore,  it  takes  many  time 
steps  to  simulate  a reasonable  time  period.  In  order  to  overcome  this 
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time  step  limitation,  a fully  implicit  time  scheme  in  which  Poisson's 
equation  and  the  current  continuity  equations  are  solved  simultaneously, 
and  which  has  no  time  step  limitation  [4.23],  is  incorporated  into  the 
program.  The  details  of  the  fully  implicit  time  scheme  is  given  in 
Appendix  A.  With  the  new  fully  implicit  time  scheme,  up  to  5 x 10  ^ sec 
time  step  has  been  used  without  numerical  divergences. 

2)  The  current  density  is  not  continuous  across  the  element  bounda- 
ries when  linear  shape  functions  are  used  as  in  this  finite  element 
program.  Therefore  the  terminal  current  calculated  from  the  flux  of 
current  density  at  the  contacts  is  not  conserved  exactly  (i.e.  the  sum 

of  the  total  terminal  current  is  not  zero).  This  can  cause  difficulties 
in  comparing  the  currents  of  the  simulation  with  those  of  the  real  devices 
and  this  is  evidence  that  conservative  schemes  tend  to  give  more  physically 
meaningful  results.  However  it  is  possible  to  compute  currents  in  a way 
which  is  conservative.  Details  of  this  are  given  in  Section  2.  The  new 
method  gives  the  current  conservation  up  to  the  numerical  accuracy  of  the 
computation. 

3)  In  many  applications,  it  is  suffficient  to  be  able  to  solve 
only  Poisson's  equation  for  given  quasi-Fermi  levels.  When  appropriate 
this  can  be  done  in  much  less  computation  time  than  a full  solution, 
therefore,  a Poisson  solution  program  has  been  implemented  separately 
by  taking  the  Poisson's  equation  solution  part  from  the  main  program. 

Several  devices  have  been  simulated  with  the  new  program.  A one 
dimensional  p-n  junction  diode  was  first  simulated  to  check  the  numerical 
accuracy  of  the  program  against  the  available  one  dimensional  finite 

difference  program  U.ig]  based  on  the  Guramel  [4.20]  and  De  Mari  [4.2l] 
algorithm. 
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Secondly,  a charge-coupled  device  with  multiple  gate  structure  has  been 
simulated  to  check  the  program  in  the  two  dimensional  case  against  a 
two  dimensional  finite  difference  Poisson's  equation  solution  program  . 
In  this  case,  the  simplified  version  of  the  finite  element  porgram 
(Poisson's  equation  solution  program)  has  been  used  for  comparison. 

Close  agreements  was  observed  between  the  finite  element  solution  and 
its  corresponding  finite  difference  solution  despite  the  relatively 
coarse  mesh  in  the  finite  element  case  compared  to  the  finite  difference 
case.  Finally,  an  SOS  MOSFET  has  been  simulated  to  show  the  flexibility 
of  the  finite  element  approach  in  the  simulation  of  non-planar  geometry 
and  insulating  substrate  boundary  conditions.  The  simplified  version 
was  also  used  in  this  case.  More  details  of  the  device  simulation  are 
discussed  in  Chapter  4. 

2.  Charge  and  Current  Conservation 


The  equations  to  be  solved  within  the  semiconductor  device  are 


V.(eW)  + q (p-n  + N.)  - 0 

a 

+ V.  i - G - 0 
o t q 


(4.3.5S) 


(4.3.60) 


|i+V.  Ji  -CO 


(4.3.61) 


where 


V ■ the  potential, 

p,n  ■ hole  and  electron  concentrations, 

Nj  ■ net  doping  concentration, 

G - electron-hole  pair  generation  rate, 

J ■ hole  and  electron  current  densities, 
q ■ electronic  charge,  and 


■ time 


The  finite  element  equations  are  obtained  [4.1l]  by  multiplying 


Eqs.  (4.3.59)  - (4.3.61)  through  by  a shape  function  <j>^(k,y)  (in  two 
dimensions)  and  integrated  over  the  region  of  the  device.  However,  it 
is  instructive  in  considering  conservation  properties  to  perform  inte- 
grals over  individual  elements  e as  follows 


/♦,  fv-  feVV)  + q (P-n  + Nd)  ] di 
e 

f*i I ■> if + ’•  <v  -qG|ds 
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k l"’  Ip  + ’•  (I„>  + qG]dS 
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These  are  transformed  by  Gauss'  theorem  to 
j | eV  4>± . VV  - q4>i (p-n  + Nd)  | dS 

- j V.n  di  i Q* 
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where  the  line  integrals  are  around  the  edge  of  the  element.  A similar 

e 

expression  to  Eq.  (4.3.66)  is  obtained  for  the  electrons  defining  I 

The  quantity  may  be  interpreted  as  the  charge  (per  unit  length  in  the 

0 0 

two-dimensional  case)  associated  with  node  i of  element  e,  and  I I . 

pi  ni 

are  the  outflowing  hole  and  electron  currents  (per  unit  length) . Although 
it  is  convenient  to  associate  and  I with  nodes,  the  defining  integrals 

are  in  fact  weighted  fluxes  over  the  sides  of  the  element. 
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It  is  in  the  definitions  of  charges  and  currents  by  Eqs.  (4.3.65)  and 
(4.3.66)  that  the  present  approach  differs  from  that  of  references  [4.16], 
[4.13]  and  [4.14].  In  the  work  of  Hachtel  et.  al,  current  is  defined  as 
the  flux  of  current  density  across  the  sides  of  the  element.  Unless  the 
shape  functions  4)^  possess  continuous  derivatives  at  these  interfaces,  a dis- 
continuity in  current  will  arise.  Buturla  et  al.  resolve  this  problem 
by  defining  an  auxiliary  mesh  so  that  currents  are  evaluated  as  the  flux 
through  lines  internal  to  the  element  (for  triangles  these  are  lines  from 
the  mid  point  of  each  side  to  the  intersection  of  the  perpendicular  bi- 
sectors of  the  triangle).  Because  current  density  is  continuous  internally, 
exact  current  conservation  is  obtained.  As  will  be  shown  below,  currents 
and  charges  defined  by  [4.15]  and  [4.16]  preserve  charge  and  current  continuity. 

Consider  the  sum  of  the  over  all  elements  which  contain  node  i: 

53  n d*  (4.3.67) 

lee  iee  e 

Figure  4.3.14  shows  a typical  arrangement  of  elements.  For  simplicity 
triangular  elements  are  shown  but  the  new  argument  to  follow  does  not  depend 
upon  this.  At  an  interior  node  such  as  6 in  Figure  4.3.14,  the  integrals 
on  the  right  hand  side  of  Eq.  (4.3.67)  will  sum  to  zero  for  the  following 

reasons.  Along  sides  of  adjacent  elements  such  as  the  line  joining  nodes 
6 and  7,  and  VV  are  continuous  but  the  outward  normal  n is  oppositely 
directed  in  the  two  adjacent  elements.  The  contributions  to  the  Integrals 
therefore  cancel.  Along  the  edges  joining  nodes  2,  3,  7,  9,  8 and  5, 

■ 0 and  so  the  remaining  contributions  are  zero,  giving  at  an  interior 
node 


(4.3.68) 
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In  practice,  the  do  not  have  to  be  evaluated  explicitly  at  interior 
nodes  since  the  usual  assembly  process  to  produce  finite  element  equa- 
tions corresponds  to  the  imposition  of  Eq.  (4.3.68).  At  a boundary  node 
such  as  2,  two  possibilities  arise.  If  the  node  belongs  to  an  insulating 
boundary  and  there  is  no  surface  charge,  then  VV.  n = 0 on  the  boundary. 
Thus  along  the  edge  joining  nodes  1,  2 and  3,  the  integrand  of  Eq.  (4.3.67) 
is  zero.  The  remaining  contributions  cancel  along  ‘2,  6 and  2,  5 and 
are  zero  along  1,  5,  6,  3 for  the  same  reasons  as  for  interior  nodes. 
Equation  (4.3.68)  is  therefore  still  valid.  This  in  turn  gives  a finite 
element  equation  when  p,  n and  V are  inserted.  If  the  potential  is  spe- 
cified at  node  2 (Dirichlet  condition),  no  equation  corresponding  to  this 

node  is  required  for  the  potential  solution.  Equation  (4.3.68)  can  still  be 

0 

applied  consistently  if  an  induced  charge  - £ is  associated  with 

iee 

the  node.  This  interpretation  is  readily  shown  to  be  correct  in  the  limit 

of  infinitesimal  element  size  from  the  definition,  Eq.  (4.3.67).  Again 

0 

in  practice  explicit  evaluatiox*  of  the  can  be  avoided  by  generating 
an  "equation"  for  the  node  at  vhich  a Dirichlet  condition  applies  in  the 
same  manner  as  for  all  other  nodes.  The  residual  (right  hand  side  minus 
left  hand  side)  gives  the  net  charge  associated  with  the  node. 

Similarly 

^ Jpi  ” 0 (4.3.69) 

ie  e 

at  interior  and  insulating  boundary  nodes,  whereas  - ^ 1*^  represents 
the  current  associated  with  node  i which  is  entering  the  device.  By 
summing  over  all  nodes  and  elements  it  follows  that 
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where  the  integral  is  over  the  whole  device  region  With  the  usual 


definition  of  shape  functions 

E “ 1- 

i 1 


(4.3.71) 


and  it  follows  that  the  right  hand  side  of  Eq.  (4.3.70)  is  zero.  Since  this 

arises  from  the  vanishing  of  rather  than  the  current,  it  is  true 

for  both  the  exact  currents  and  the  finite-element  approximation  to  the 
current.  (In  approximations  which  also  specify  derivatives  at  nodes,  a 

linear  combination  of  the  <f>^  is  found  which  sum  to  a constant,  leading 
to  the  same  result.)  On  the  left  hand  side  of  Eq.  (4.3.70),  sums  over  ele- 
ments vanish  at  interior  nodes  and  insulating  boundary  nodes  because  of 
Eqs.  (4.3.68)  and  (4.3.69)  leaving  only  a summation  over  contacts: 


£ 

contact 
nodes  i 


I - 0 
tot 


(4.3.72) 


where 


'tot  1-  E Wi  ♦ 'll  * 3 1) 


(4.3.73) 


which  represents  the  total  current,  particle  and  displacement  associated 

with  node  i.  Equation  (4.3.72)  represents  the  conservation  of  current  at 

the  contacts.  Several  points  may  be  noted.  (1)  By  carrying  out  a 

similar  argument  over  just  the  element  rather  than  region  (2  it  can  be 

shown  that  current  is  conserved  over  the  nodes  of  the  element.  (2)  It 

is  straightforward  to  show  that  currents  computed  by  summing  I over 

tot  i 
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nodes  belonging  to  a specific  contact  give  the  correct  physical  current 

in  the  limit  of  infinitesimal  element  size.  (3)  By  considering  sums  of 
0 0 0 

Q^,  I or  1^  individually,  conservation  of  charge,  and  conservation  of 
hale  and  electron  current  can  be  shown  to  be  satisfied  exactly. 

3.  Practical  Implementation 

Implementation  of  these  finite-element  equation  has  been  described 
previously  [4.1l].  Apart  from  some  preliminary  work  [4.17]  these  did  not 

incorporate  the  Scharfetter  method  of  current  computation  which  is  needed 
if  severe  restrictions  on  element  size  are  to  be  avoided.  Although  this 
technique  was  originally  developed  in  the  context  of  one-dimensional  solu- 
tion it  has  been  extended  to  rectangular  finite-difference  solutions  [4.18] 
but  there  is  no  obvious  generalization  to  finite-element  schemes  which  in 
general  have  no  preferred  directions  of  integration.  One  approach  has  been 
given  by  Buturla  and  Cottrell  [4.12]  which  is  appropriate  to  their  method 


of  computation.  An  alternative  suggested  here  is  to  replace  Jp  in  the 
continuity  equation  by  a constant  current  J computed  within  an  element 


from 
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or  less  generally  components  of  Jp  may  be  computed  by  line  Integrals  in 

-►  -f 

two  perpendicular  directions  and  v ^ 
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The  second  method  has  been  used  together  with  a finite-element  implementa- 
tion of  Gummel's  method  of  Integrating  Poisson’s  Equation,  l.e.  applying 
Newton’s  method  to  solve 
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(4.3.76) 
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/ q(E  -V)/kT  -q(E  -V)/kT 
V.  (e  7 V)  - -qn±  \e  p -e  n Nj/n 

where  E and  E are  quasi-Fermi  levels  assumed  to  be  constant  within  the 
P n 

Newton  iteration.  The  calculation  is  made  fully  implicit  by  iteration 
between  Poisson's  equation  and  the  two  continuity  equations  until  conver- 
gence is  obtained  at  each  time  step. 

4 . Evaluation  of  the  Numerical  Accuracy  of  the  Program 

In  order  to  check  the  numerical  accuracy  of  the  solution,  different 
simulation  programs  with  known  accuracy  are  necessary.  Two  finite 
difference  programs  are  available  for  comparison.  One  is  the  one  dimen- 
sional Poisson's  equation  and  transport  equation  solution  program  [4.19] 
based  on  Gummel's  [4.20]  and  De  Mari's  algorithms  [4 . 2 1 3 . The  other  is 
the  two-dimensional  Poisson's  solution  program  [4.22]. 

A one  dimensional  p-n  junction  diode  was  first  simulated  and  compared 
with  the  one  dimensional  finite  difference  program.  The  p-n  junction 
diode  was  chosen  because  it  has  a simple  and  one  dimensional  geometry 
but  it  is  a basic  structure  in  semiconductor  devices.  In  order  to  ensure 
the  same  conditions  for  both  simulations,  the  same  mobility  equation  and 

recombination  equations  are  used  for  both  simulations.  The  input  data 
for  both  simulations  are  listed  in  Table  4.3.4.  The  mesh  used  in  the  two 

dinensional  program  is  shown  in  Figure  4.3.14a.  The  total  length  of  the 
diode  is  2.5  pm.  The  p-type  region  is  1.5  um  long  and  uniformly  doped  at 
15  -3 

4 x 10  cm  The  n-type  region  is  1.0  pm  long  and  uniformly  doped  at 
16  -3 

10  cm  . The  total  number  of  nodes  is  250  (50  x 5)  for  the  two  dimen- 
sional simulation,  and  101  for  the  one  dimensional  simulation. 
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The  boundary  conditions  imposed  at  the  contacts  for  both  simulations  are: 

1)  Electrostatic  potentials  are  specified 

2)  Majority  carrier  concentration  = 

2 

Minority  carrier  concentration  = /Nd. 

where  is  the  doping  concentration  and  is  the  intrinsic 
carrier  concentration. 

Figure  4.3.14b  shows  the  real  projection  of  the  hole  distribution  simulated 
by  the  two-dimensional  program.  Figure  4.3.15a  shows  the  comparison  at  the 
hole  and  electron  concentrations  from  the  finite  difference  and  finite 
element  simulations  at  a reverse  bias  at  -.128V.  In  this  reverse  bias 
case,  the  decrease  of  the  minority  carrier  near  the  depletion  region  is 
clear.  The  potential  distribution  is  compared  in  Figure  4. 3. 15b.  The 

agreement  is  within  1%.  The  comparison  for  the  forward  bias  case  is 
shown  in  Figure  4.3.16.  There  is  a discrepancy  of  the  minority  carrier  con- 
centration near  the  contact.  In  this  short  diode  , the  diffusion  length 
is  comparable  to  the  length  of  the  neutral  region,  therefore  some  of 
the  injected  minority  carriers  are  collected  at  the  contacts.  The  mesh 
used  in  this  region  of  rapid  change  was  coarser  in  the  two  dimensional 
analysis  than  in  the  one  dimensional  simulation.  This  is  believed  to 
be  a reason  for  the  discrepancy.  Secondly,  in  order  to  check  the  two 
dimensional  capabilities  of  the  program,  a charge  coupled  device  with  a 
multigate  structure  was  simulated.  The  device  is  33  ym  long  and  10  ura 

thick.  The  gate  oxide  is  1000  A thick.  The  substrate  is  n type,  and 

14  -3 

uniformly  doped  at  5 x 10  cm  . In  this  simulation,  the  simplified 
version  of  the  program  (Poisson's  solution)  was  used.  The  minority 
carriers  were  suppressed  in  order  to  obtain  the  electrostatic  potential 
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distribution  in  deep  depletion.  The  input  material  parameters  were  the 
same  as  those  of  the  diode.  Figure  4.3.18a  shows  a two-dimensional  altitude 

plot  of  the  electrostatic  potential  distribution.  A contour  mapping  of 
the  same  results  is  given  in  Figure  4.3. 18b.  This  solution  has  also  been 
compared  with  a two  dimensional  finite  difference  solution  [4.22] . The 
comparison  shows  about  50mV  shift  in  the  potential  distribution  between 
the  two  simulations.  This  discrepancy  is  thought  to  arise  from  the 
different  ways  of  specifying  the  doping  at  the  Si-Sif^  interface.  Except 
for  the  shift,  the  equipotential  contours  match  very  closely.  Finally, 
an  SOS  MOSFET  was  simulated  to  show  the  flexibility  of  the  finite  element 
approach  in  the  simulations  of  non-planar  geometry  and  insulating  substrate 
boundary  conditions.  The  simplified  version  was  also  used  but  both  car- 
riers were  present.  Figure  4.3.19a  shows  the  finite  element  mesh  for  the 
SOS  MOSFET.  The  mask  channel  length  is  6 um,  the  effective  channel  length 
is  4 um,  and  the  lateral  diffusion  is  1 uni.  The  thickness  of  the  epi-layer 

O 

is  .65  um  and  the  oxide  thickness  is  1000A.  The  source  and  drain  are 
uniformly  doped  at  lO^cm  ^ and  the  substrate  is  uniformly  doped  at  10  cm 
Figure  4.3.19b  shows  a two  dimensional  altitude  plot  of  the  electrostatic 
potential  distribution  in  the  device  for  VDg  = 0V  and  gate  voltage  1.38V 
above  the  flat  band  voltage.  The  substrate  is  floating.  The  device  is 
in  the  subthreshold  region. 

5.  Conclusion 

A two  dimensional  finite  element  program  is  being  developed  in  order 
to  simulate  non  planar  high  performance  devices  such  as  VMOS,  DMOS,  and  SOS, 
which  cannot  be  simulated  by  the  program  [4.15]  available  in  the  public 
domain.  In  order  to  bench  mark  the  program  performance,  a one  dimensional 
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p-n  junction  diode,  a charge-coupled  device  and  SOS  MOSFET  have  been 
simulated  and  compared  with  the  results  of  the  corresponding  finite 
different  programs. 

It  is  planned  to  simulate  several  examples  of  devices  with  the 
program  which  solves  two  dimensional  Poisson's  equation  and  transport 
equations.  They  will  be  checked  against  the  results  of  Sutherland's 
program  and  other  available  two  dimensional  analysis  programs. 

A simplified  quasi  two-dimensional  analysis  will  be  implemented 
which  will  combine  a one  dimensional  Poisson's  equation  and  transport 
solution  program  with  two  dimensional  Poisson's  solution  program. 

Electron  and  hole  quasi-Fermi  levels  will  be  obtained  from  the  one 
dimensional  program  and  assumed  constant  in  the  direction  perpendicular 
to  Si-SiC>2  interface.  With  these  quasi  Fermi  levels,  the  two  dimensional 
distributions  at  hole  and  electron  concentration,  and  electrostatic 
potentials  will  be  obtained  from  the  two  dimensional  Poisson's  equation 
solution  program. 


188a 


TABLE  4.3.4 


INPUT  MATERIAL  PARAMETER 


'si 


11.8 


temperature  30Q  c 


saturation  velocity  10  cm/sec 


1350  cin  /v.sec 


500  cm  /v.sec 


10"10 
1U  sec 


in-l° 

sec 


10  3 

1.45  x 10  /cm 
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1 .00  1 .so 

DEPTH  (MICK DNS ) 


Potent  Ini  <1  intribution 


Figure  4.3.16a  - Hole  and  electron  distributions,  and 

4.3.16b  - potential  distribution  of  a P-N  function  diode  at  0.272V 
forward  bias.  (Finite  element  solution:  . . .,  finite 
difference  solution:  .) 


r 


(a)  Hole  and  electron  distribution 


Figure  A. 3. 17a  - Hole  and  electron  distributions,  and 

4.3.17b  - potential  distribution  of  a P-N  Junction  diode  at  0.128V 
forward  bias.  (Finite  element  solution:  ...  , finite 
difference  solution:  . ) 
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Two-dimensional  plot  of  electrostatic  potential  in  a SOS  MOSFET.  Surface  potentials  are 
indicated  on  the  plot. 


4.4  Measurement  Tools  for  Extracting  Two-Dimensional  Profiles  (H.  G.  Lee) 

Introduction 

The  goal  of  this  effort  is  to  provide  small  geometry  diffused 
profile  parameters  which  will  be  used  for  two-dimensional  device 
modeling.  Measurement  techniques  for  two-dimensional  effects  of 
small  geometry  diffused  profiles  are  developed.  Two  objectives  are 
defined:  development  of  measurements  based  solely  on  an  electrical 
characterization  and  techniques  which  require  electrical  measurements 
as  well  as  physical  alteration  of  the  structure  to  obtain  the  impurity 
profiles. 

A CMOS  test  chip  which  contains  a series  of  devices  for  two- 
dimensional  profile  measurements  offers  an  electrical  method.  Surface 
impurity  profiles  of  laterally  diffused  regions  and  geometry  depen- 
dence of  threshold  voltage  in  the  channel  stop  regions  have  been 
measured  from  this  test  chip. 

Selective  material  removal  methods  using  either  plasma  etching 
or  anisotropic  chemical  etching  are  currently  studied.  These  techniques 
will  enable  direct  measurement  of  electrical  parameters  from  a part 
of  a two-dimensional  structure  after  the  removal  of  neighboring  regions. 
Plasma  etching  will  also  provide  a fast  and  accurate  method  to  repeatedly 
remove  uniformly  thin  layers  of  silicon  from  the  surface  of  a diffused 
structure  for  the  measurement  of  vertical  impurity  profiles 
A.  Electrical  Techniques 

For  the  CMOS  test  chip,  large  area  devices  are  used  to  obtain  profile 
and  transport  parameters  for  the  uniformly  doped  regions.  This  information 
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gives  the  limiting  case  values  to  be  compared  with  the  two-dimensional 
measurement  techniques.  Several  test  structures  provide  MOS  capacitance 


and  p-n  junction  capacitance  to  obtain  vertical  doping  profiles.  Others 
provide  large  area  threshold  and  mobility  data.  A series  of  devices  named 
PCS  and  LTA  are  special  devices  which  test  several  approaches  for  two- 
dimensional  profile  measurements.  Figure  4.4.20  shows  a plan  view  of  the 
test  chip.  The  design  and  fabrication  of  test  structures  and  some  measure- 
ment results  will  be  reviewed. 

1.  Fabrication  of  Test  Structures 

The  test  chip  has  been  fabricated  with  a CMOS  process  using  boron 

ion-implanted  p-well  and  lateral  channel  stop  (LCS)  regions.  The  p-well 

is  implanted  through  a nitride  layer  with  an  energy  of  180  kev  and  dose  of 
12  2 

4.5  x 10  atoms/cm  . The  LCS  is  implanted  with  an  energy  of  25  kev  and 
13  2 

dose  of  3 x 10  atoms/cm  . The  LCS  regions  are  subjected  to  a subsequent 
drive-in  diffusion  and  field  oxidation,  while  p-well  regions  are  protected 
by  the  nitride  layer.  The  drive-in  is  19  hours  at  1100°C  in  5%  0 2 in  N2, 
while  the  field  oxidation  is  9 hours  wet  O2  at  1000°C.  After  the  field 

O 

oxidation,  nitride  and  field  oxide  are  stripped  and  a 1000A  gate  oxide  is 
grown.  An  n+  poly-silicon  gate  is  deposited  and  phosphorus  source  and 
drain  are  diffused. 

2.  Doping  Profile  Measurement. 

MOS  capacitors  and  p-n  junction  capacitors  are  used  to  profile  the 
substrate  p-well  and  LCS  regions.  All  devices  use  p-n  junction  guardrings 
or  metal-gate  guardrings.  Phosphorus  pile-up  and  boron  redistribution 
at  the  surface  are  observed  from  MOS  capacitors.  Deeper  profiles  are 
measured  using  p-n  junction  capacitors.  However,  profiles  for  p-well 
and  LCS  regions  obtained  from  either  capacitor  structures  are  limited  in 
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depth  due  to  the  breakdown.  Spreading  Resistance  technique  is  used  to 
obtain  the  LCS  impurity  profile  and  it  is  compared  to  the  result  of  a 


process  simulator  SUPREM  in  Figure  4.4.21. 

3.  Parallel  Channel  Structures  (PCS) 

Three  bulk  n-channel  MOS  transistors  for  the  measurement  of  surface 
impurity  profiles  of  laterally  diffused  regions  are  fabricated.  Each 
transistor  has  32  parallel  channels  and  each  channel  is  composed  of 
the  indicated  combinations  of  substrate,  p-well  and  LCS  regions  as  shown 
in  Figure  4.4.22a.  The  IQ  vs.  Vq  characteristics  of  these  devices 
at  a small  drain  potential  are  shown  in  Figure  4.4.22b  and  are  markedly 
different  from  the  linear  region  characteristics  of  a conventional 
device  due  to  the  nonuniform  doping  across  the  width  of  the  channel. 

The  transistors  have  threshold  Vj  variations  in  Z direction  only.  For 
these  transistors,  the  transconductance  gm  at  a small  drain  potential 
Vq  is  given  as  follows  [4.24] 
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where  p(VG, Vg)  is  the  mobility  of  carriers  in  the  n-channel,  Z(VG)  is 
the  location  which  turns  on  at  Vg,  and  other  symbols  have  their  usual 
meanings. 

Four  large  area  n-channel  transistors  are  used  to  measure  threshold 
voltage  and  electron  mobility  for  p-type  substrates  which  did  (I)  or  did 
not  (II)  experience  a long  field  oxidation  and  for  p-well  (III)  and 


LCS  (IV)  regions,  respectively.  The  mobility  dependence  on  gate  potential 
for  each  channel  doping  has  been  measured  at  VgB  » 0 and  -1  volt;  VgB  = 0 
volt  case  is  shown  in  Figure  4.4.23. 

Measured  mobilities  are  fit  to  an  empirical  equation 


U 


(4.4.78) 


1 + 9(VG-VT) 

at  each  substrate  bias.  The  transconductance  gm  is  calculated  from  the  meas- 
ured ID  vs.  Vf;  data  and  we  obtain  Z (Vfi)  from  equations  (4.4.77)  and  (4.4.78). 
Given  Z(Vq),  we  know  the  threshold  VT(Z)  at  Z,  since  Vj  { Z(Vg)}  = Vq. 

The  threshold  voltage  of  an  n-channel  structure  with  an  n+  - dope 
poly-silicon  gate  is 
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Measuring  the  threshold  voltages  at  two  substrate  biases. 
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The  surface  concentration  at  Z is  given  by 
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(4.4.81) 


NA(Z)  is  obtained  from  this  equation  by  an  iterative  technique. 

Surface  profiles  near  the  edges  of  CMOS  p-well  (structure  B)  and 
LCS  (structure  C)  regions  obtained  using  the  algorithm  are  shown  in 

Figures  4.4.24  and  4.4.25.  Theoretical  lateral  profiles  [4.24]  generated 

-4  2 

using  an  intrinsic  diffusion  coefficient  for  boron  D = 8.2  x 10  pm  /min 
at  1100°C  are  shown  and  give  reasonable  fits  to  the  measured  data. 
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-4  2 

However,  theoretical  profiles  with  D = 5.0  x 10  Urn  /min  for  the  p-well 
-3  2 

and  D * 1.0  x 10  pm  /min  for  the  LCS  seem  to  make  better  fits  to  the 

measured  profiles.  It  has  to  be  noted  that  LCS  drive-in  was  under  a 5% 

oxygen  environment  while  the  p-well  was  separated  from  oxygen  by  a nitride 

~32  o 

layer.  D = 1.0  x 10  Pm  /min  at  1100  C is  in  agreement  with  a reported 
value  for  a boron  diffusion  coefficient  under  100%  oxygen  [4.25];  other  work 

[4.26]  suggests  that  even  a trace  amount  of  oxygen  results  in  a similarly 
enhanced  diffusion  coefficient. 

The  surface  impurity  concentration  of  LCS  obtained  from  a Spreading 
Resistance  technique  agrees  well  with  the  lateral  profile  measurement. 

The  total  number  of  boron  impurity  atoms  per  unit  area  in  the  LCS  predicted 
by  the  Spreading  Resistance  technique  is  also  in  a good  agreement  with 
a value  obtained  from  the  theoretical  lateral  profile  when  the  non-Gaussian 
vertical  profile  near  the  surface  due  to  the  boron  depletion  is  taken  into 
account . 

The  lateral  profile  for  structure  A has  also  been  calculated  and  is 
shown  in  Figure  4.4.26.  In  this  case,  the  structure  is  more  complicated  than 
the  B or  C structures.  Figure  4.4.26  was  calculated  using  the  basic  algorithm 
up  until  the  p-well  turned  on.  For  higher  gate  voltages,  the  proper 
mobility  value  to  use  is  uncertain  which  leads  to  inaccuracies  in  VT(Z) . 

For  these  higher  gate  voltages  slightly  better  results  were  obtained 
using  VT(Z)  at  0 substrate  bias  only  and  assuming  constant  flat-band  volt- 
age across  the  entire  device.  The  curve  of  Figure  4.4.26  shows  the  expected 
features  of  the  substrate  doping  followed  by  the  p-well  and  finally  rising 
to  the  LCS  doping  level.  Naturally  the  curve  does  not  reflect  the  physical 
placement  of  the  LCS  region  since  it  actually  lies  between  the  substrate 
and  p-well  regions. 
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4 . LTA  Devices 


The  LTA  devices  are  constructed  using  a field  oxide  window  to  define 
a narrow  channel-stop  to  be  used  as  the  intrinsic  W/L  for  an  n-channel 
field  effect  transistor.  The  devices  are  fabricated  in  a p-well  on  an 
n-substrate.  The  W dimension,  as  determined  by  two  poly-silicon  diffusion 
mask  is  50  ym  and  the  window  widths  are  1,2,3  and  5 ym.  A metal  gate  is 
used  for  all  devices. 

r 

A matrix  of  four  process  variations  is  utilized  to  obtain  various 
structures  as  shown  in  Figure  4.4.27.  The  key  parameters  of  interest  in 
this  experiment  are  threshold  and  conduction  parameters  as  a function 
of  bias  and  process  variations. 

The  IQ  vs.  VG  characteristics  of  (A)  and  (B)  devices  at  a small  drain 
voltage  are  measured  and  shown  in  Figure  4.4.28.  Device  (A)  which  use  the 
field  oxide  as  gate  oxide  show  very  high  threshold  voltages  ranging  from 
23  to  30  volts  for  channel  lengths  in  the  range  of  3.5  to  7.5  ym.  Devices 
(B)  with  uniform  and  thin  gate  oxide  thickness  show  lower  thresholds. 

Both  groups  of  devices  show  subthreshold  characteristics  due  to  the  non 
uniform  doping  along  the  channel.  It  is  more  apparent  in  devices  (A) 
where  the  non  uniform  oxide  thickness  also  adds  the  sub threshold  charac- 
teristics. The  drain  current  ratios  in  the  linear  region  for  (B)  devices 
are  shown  in  Table  1.  It  is  noted  that  the  current  ratios  do  not  track 
their  mask  W/L  ratios.  This  is  mostly  due  to  the  so  called  "bird's  beak" 
oxidation  [4.28]  which  occurs  at  the  edge  of  Si3N4  which  is  used  as  a 
oxidation  barrier.  For  the  fabrication  process  of  this  test  chip,  the 
length  of  a bird's  beak  will  be  more  than  a micron  on  each  side.  This 

will  result  in  the  expected  channel  lengths  shown  in  Table  4.4.4. 

t 
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The  (A)  and  (B)  devices  give  a measure  of  the  threshold  near  the  n+ 
channel  stop  region.  The  thick  oxide  and  n+  directly  up  against  the 
oxide  represent  the  device  conditions  typically  used.  The  (A-)  and 
(B-)  devices  give  a useful  contrast  since  the  n+  diffusions'  do  not 
affect  the  LCS  profile.  Effective  bulk  doping  for  (B)  and  (B-) 
devices  are  calculated  from  back  gate  bias  measurements  and  are  shown 
in  Table  4.4.5.  Effective  bulk  doping  for  (B)  devices  are  lower  than  (B-) 
devices  as  expected.  Also  effective  doping  of  devices  with  shorter 
channel  lengths  are  lower  than  devices  with  longer  channel  lengths. 

This  is  an  example  of  two-dimensional  effects  in  a small  geometry  device. 
The  decrease  of  effective  bulk  doping  with  the  decrease  of  the  channel 
length  as  in  (B)  devices  will  be  more  prominent  for  devices  with  lower 
bulk  doping. 

In  conclusion,  PCS  and  LTA  devices  provide  methods  of  measuring  two- 
dimensional  effects  on  impurity  profile  and  transport  parameters  for  a 
two-dimensional  device  modeling. 

B . Plasma  Etching  and  V-Groove  Etching 

Impurity  atom  distribution  near  the  diffusion  mask  edge  has  been 
theoretically  predicted  by  several  authors  [4.24],  [4.28].  The  Parallel 
Conductance  Structure  described  in  the  preceding  section  provides  one 
experimental  method  to  obtain  information  on  the  laterally  diffused 
regions.  A selective  material  removal  technique  which  will  be  described 
in  this  section  offers  another  method  of  testing  the  validity  of  the 
two-dimensional  diffusion  models.  The  conductance  of  laterally  diffused 
regions  in  a diffused  resistor  can  measured  using  this  technique. 
Idealized  section-views  of  the  laterally  diffused  regions  after  removing 
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the  center  part  are  shown  in  Figure  4.4.29.  Three  possible  selective 
removal  techniques  will  be  reviewed  and  compared. 

Plasma  Etching  can  be  used  to  remove  the  center  part  of  the  diffused 
resistor  as  shown  in  Figure  4.4.29a.  The  oxide  diffusion  mask  also  serves 
as  an  etching  mask  to  protect  the  laterally  diffused  regions  while  the 
center  part  is  etched.  Etching  parameters  have  to  be  optimized  in  order 
to  minimize  undercutting. 

Ion  Milling  has  the  advantage  of  smaller  undercutting  compared  to 
Plasma  Etching.  However,  Ion  Milling  is  a momentum  transfer  technique. 

The  etch  rates  of  most  materials  used  in  silicon  integrated  circuit 
structures  fall  in  the  same  range.  Therefore,  the  difficulty  to  find 
a good  etching  mask  sets  a limit  to  the  depth  that  a structure  can  be 
profiled . 

The  advantage  of  V-Groove  Etching  for  a selective  removal  of  silicon 
results  from  straightforward  masking.  SiO^  is  a good  etching  mask.  How- 
ever, aluminum  cannot  be  used  as  a contact  pad  to  measure  the  resistance 
of  the  diffused  resistor  since  it  is  easily  attacked  by  the  chemicals 
used.  Chromium-Gold  can  be  used  to  protect  the  contact  region  from  being 
etched  and  also  serve  as  a contact  pad.  The  resulting  structure  after 
V-Groove  Etching  of  the  center  part  is  different  from  the  structure 
obtained  by  Plasma  Etching  or  Ion  Milling.  A combination  of  the  above 
techiques  — e.g..  Plasma  Etching  after  V-Groove  Etching  — also  will  be 
possible. 


Figure  4.4.20  - Plan  view  of  a CMOS  test  chip  for  an  electrical  measurement 
technique  of  two-dimensional  profiles. 
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Figure  4.4.22  - (a)  Three  types  of  n-channel  elements  with  different 
combinations  of  substrate,  p-well  and  LCS.  Parallel 
connections  of  32  elements  for  each  type  form  three 
large  MOSFET's  A,  B and  C. 


For  MOS  transistors  A,B  and  C: 
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Figure  A. 4. 23  - Mobility  dependence  on  gate  potential  measured  from 
from  the  four  mobility  structures,  I,  IX,  III  and 
IV  at  0 substrate  bias. 
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Figure  4.4.25  - Surface  impurity  profile  across  the  channel  width  for 
structure  C. 
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Figure  4.4.26  - Surface  impurity  profile  across  the  channel  width  for 
structure  C. 
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Figure  A. 4 .27  - Cross-section  of  four  types  of  devices  in  LTA  Group.  For 
each  type,  four  channel  lengths  are  utilized. 


Figure  4.4.29a  - Plasma  etched  (or  ion  milled)  diffused  resistor 
4.4.29b  - V-Groove  etched  diffused  resistor. 


Table  4.4.4 

Currnnc  Ratio  of  LTA  (B)  Devices  at  a Small  Drain  Voltage. 

(VD  - 10.5  mV) 


Device 

pA 

V*1  VVT  - 5V> 

ID  ratio 

Mask  (Mm) 

channel  length 

Expected 

channel  length  (pm) 

B1 

2.44 

2.32 

1 

3.58 

B2 

1.72 

1.63 

2 

4.58 

B3 

1.44 

1.37 

3 

5.58 

E5 

1.06 

1.00 

5 

7.58 

Bird's  beak  of  1.29  pm  on  each  side  is  assumed  in  the  calculation  of 
expected  channel  lengths.  This  value  is  obtained  from  the  current 
ratio  of  devices  B3  and  B5. 
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I Table  4.4.5 


V (Volts) 

Effective  Bulk 

Devices 

^ rV 

v 

Doping  on 

1^  (cm 

VSB=° 

VSB-°'5 

Vsv-K0 

B1 

9.68 

13.70 

17.02 

2.75  x 1016 

B2 

10.47 

14.75 

18.29 

3.13  x 1016 

LTA  (B) 

B3 

10.52 

14.86 

18.44 

3.22  x 1016 

B5 

10.61 

14.96 

18.59 

3.24  x 1016 

B-l 

9.18 

13.98 

18.02 

3.79  x 1016 

B-2 

9.82 

14.88 

19.10 

4.23  x 1016 

LTA(B-) 

4.28  x 1016 

B-3 

10.37 

15.46 

19.81 

B-5 

10.58 

15.57 

19.89 

4.11  x 1016 

| Calculation  of  effective  LCS  doping  using  back-gate  bias  measurement 
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4.5  Latch-Up  in  CMOS  Integrated  Circuits  (D.  B.  Estreich) 


Introduction 

"Latch-up"  in  Integrated  circuits  may  be  defined  as  a high-current 
state  accompanied  by  a collapsing  or  low-voltage  condition.  Upon  applica- 
tion of  a radiation  transient  or  an  electrical  excitation  meeting  certain 
requirements,  the  latched  or  high-current  state  can  be  triggered.  Three 
regenerative  mechanisms  are  known  which  can  initiate  latch-up  [4.39]. 

They  are  (a)  four  layer  (SCR)  regenerative  switching  action  [4.30]  - [4.32], 
(b)  secondary  breakdown  [4.33],  and  (c)  sustaining  voltage  breakdown  [4.34]. 
In  CMOS  and  related  integrated  circuits,  the  four-layer  regenerative  switch- 
ing action  is  the  most  troublesome.  Hence  in  this  study  the  term  "latch-up" 
will  be  confined  to  mean  four-layer  regenerative  switching. 

Complementary  MOS  integrated  circuits  are  particularly  susceptible  to 
latch-up  [4.35]  - [4.37].  The  objective  of  the  research  described  below 
is  to  develop  the  methods  and  tools  to  analyze  and  predict  the  threshold 
of  latch-up,  starting  from  impurity  profile  and  geometrical  layout  data. 

The  results  of  such  work  should  be  especially  valuable  for  analyzing 
latch-up  susceptibility  of  new  CMOS  processes  and  layout  rules  for  custom 
CMOS  integrated  circuits.  However,  the  procedures  developed  for  CMOS 
analysis  can  be  applied  to  other  integrated  circuit  families,  for  example, 
triple-diffused  bipolar  integrated  circuits  are  latch-up  prone  and  some 
linear  integrated  circuit  processes  have  shown  latch-up  problems. 

In  the  next  section  the  nature  of  latch-up  in  CMOS  integrated  circuits 
is  discussed.  The  various  ways  in  which  latch-up  can  be  initiated  are 
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described.  Following  this  description,  a procedure  is  given  which  allows 
the  analysis  of  latch-up.  Factors  influencing  the  current  gains  of  both 
the  parasitic  lateral  PNP  and  vertical  NPN  transistors  are  considered 
with  regard  to  their  importance  to  latch-up  analysis.  Finally,  the  last 
section  gives  an  example  of  latch-up  in  a CMOS  integrated  circuit  and 
compares  experimental  results  with  the  results  of  an  analysis  of  the 
principal  latch-up  path  on  this  integrated  circuit. 

The  Problem  of  Latch-Up  in  CMOS 

CMOS  integrated  circuits  use  two  fundamental  configurations  for  cir 
cuit  design.  The  inverter  gate,  as  shown  in  Figure  4.5.30a,  is  the  most 
basic  build  block  for  CMOS  [4.38].  The  substrate  of  the  P-channel  transis- 
tor is  at  a positive  potential  V , while  the  substrate  (P-well)  of  the  N- 
channel  transistor  is  at  a negative  potential  (or  ground)  Vgg.  Note  that 
the  sources  of  both  the  P-channel  and  N-channel  MOS  transistors  are  tied  to 
their  respective  substrates. 

The  other  fundamental  block  is  the  transmission  gate  or  analog  switch 
[4.38],  shown  in  Figure  4.5.30b.  The  transmission  gate  is  a single-pole, 
single-throw  switch  formed  by  the  parallel  connection  of  a P-channel  tran- 
sistor and  an  N channel  transistor.  In  this  case,  the  substrate  of  the  N- 
channel  transistor  is  at  Vgg(negative  potential  or  ground),  and  the  substrate 
of  the  P-channel  transistor  is  at  V (positive  potential),  but  the  sources 


and  drains  of  both  MOS  transistors  are  allowed  to  freely  swing.  Normally, 
inverter  gates  are  used  in  conjunction  with  transmission  gates  so  that 


when  the  N-channel  gate  potential  V is  high,  the  P-channel  gate  potential 
V is  low,  and  vice-versa.  This  arrangement  overcomes  the  premature-cutoff 
problem  associated  with  the  single  MOS  transistor  transmission  gate  because 
one  of  the  tt  hannels  is  always  being  operated  as  a drain-loaded  (low 
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resistance)  stage  regardless  of  the  states  of  the  analog  input  or  output. 

Convential  CMOS  integrated  circuits  contain  parasitic  PNPN  devices*. 

A commonly  used  analog  for  the  PNPN  device  is  a pair  of  complementary 
bipolar  junction  transistors.  Figure  4.5.31  illustrates  a typical  CMOS 
structure  with  one  possible  PNPN  path  shown  (between  the  source  regions  of  • 
the  two  MOS  transistors). 

For  latch-up  (SCR  action)  to  occur  between  the  source  regions  indicated 
in  Figure  4.5.31,  three  conditions  must  be  met.  First,  the  bias  conditions, 
regardless  of  how  achieved,  must  allow  both  emitter-base  junctions  (p+ 
source-to-substrate  and  N+  source-to-P-well  junctions)  of  the  parasitic 
transistors  Qj  and  to  become  forward  biased.  The  substrate-to-P-well 
junction  is  normally  reverse-biased  because  V is  at  a higher  potential 
than  vSg>  Secondly,  the  loop  gain  of  the  two  parasitic  transistors  must 
be  large  enough  to  produce  regeneration.  Regeneration  results  when  the  total 


loop  gain  equals  or  exceeds  unity, 
dition  is  fulfilled  when 


6„PN  • V i 1 


Normally,  it  is  stated  that  this  con- 

(4.5.82) 


where  is  the  common-emitter  current  gain  ratio  of  the  parasitic 

NPN 

vertical  NPN  transistor,  and  8p^p  is  the  identical  parameter  of  the  para- 
sitic lateral  PNP  transistor  [4.35].  This  is  exactly  equivalent  to 


aNPN  + “PNP  - 1 

where  the  a’s  are  the  common-base  current  transfer  ratios  (a ! 


(4.5.83) 


B 


8 + 1 

The  third  condition  is  that  the  circuits  or  networks  connected  to  the 
regions  forming  the  end  layers  of  the  PNPN  structure  must  be  capable 


). 


♦Dielectric  isolation  is  excluded  from  this  discussion. 
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of  sourcing  or  sinking  a current  greater  than  the  holding  current  of  the 
PNPN  device.  If  these  three  conditions  are  met,  then  the  latch-up 
threshold  can  be  achieved . 

To  be  more  specific,  consider  the  inverter  gate  shown  in  cross-section 
in  Figure  4.5.32.  V is  always  at  a higher  potential  than  Vgg;  for  standard 

commercial  CMOS  the  V -to-V  voltage  range  is  typically  specified  at  +3 

Uu  j j 

to  +18  volts  (sometimes  to  15  volts).  Exceeding  the  upper  value  of  this 
voltage  range  can  initiate  latch-up,  provided  the  three  conditions  listed 
above  are  satisfied. 

Suppose  that  Vgg  is  grounded  and  is  increased  slowly.  Increasing 
V increases  the  reverse-bias  junction  voltage  appearing  across  the 

substrate-to-P-well  junction.  At  higher  reverse-bias  voltages,  avalanche 
multiplication  [4.39]  becomes  important.  Increased  current  multiplication 

causes  a corresponding  increase  in  the  current  through  the  V and  Vgg 
terminals . 

This  has  important  consequences  for  the  inverter  gate  connection 
because  of  the  bulk  resistance  of  both  the  substrate  and  P-well.  Consider 

the  effect  of  the  lateral  current  I flowing  laterally  in  the  P-well 
as  shown  in  Figure  4.5.33.  It  is  assumed  that  the  potential  at  the  ohmic 

contact  surface  B-B'  of  the  P-well  is  at  ground.  The  potential  at  cross 
section  A-A'  is  higher  than  ground  potential  because  of  the  IR  voltage  drop 
across  the  P-well  bulk  resistance.  The  source  region  of  the  N-channel 
transistor  is  at  ground  potential.  The  potential  difference  between  B-B' 
and  cross  section  A-A'  is  such  as  to  the  forward  bias  the  N+  source-to-P- 
well  junction.  Note  that  the  forward  bias  will  be  greatest  at  the  edge 
of  the  source  region  most  distant  from  the  ohmic  contact  to  the  P-well. 
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For  sufficiently  large  forward-bias,  a substantial  number  of  minority 
carriers  may  be  injected  into  the  P-well,  hence,  further  increasing  the 
current  crossing  the  substrate-to-P-well  junction.  This  turns  on  the 
parasitic  vertical  NPN  transistor  in  the  CMOS  structure.  Analogous 
behavior  occurs  in  the  substrate,  where  the  P+  source-to-substrate 
junction  becomes  forward-biased.  This  causes  the  parasitic  lateral  PNP 
transistor  to  become  active  and  can  enhance  its  current  gain. 

Figure  4.5.34  shows  a schematic  of  the  equivalent  circuit  of  the  latch- 
up  path.  Resistors  RS^  and  RS£  represent  the  substrate  and  P-well  bulk 
resistances,  respectively.  Two  emitters  are  shown  on  each  parasitic 
transistor  to  represent  the  separate  source  and  drain  regions  (the  drain 
regions  are  connected  to  form  "Vq  ") . From  the  equivalent  circuit  it  is 
easily  seen  that  the  collector  current  which  each  parasitic  transistor 
must  supply  includes  not  only  the  base  current  of  the  companion  parasitic 
transistor,  but  also  the  current  through  the  resistance  shunting  the 
emitter-base  junction  of  the  companion  transistor.  Hence,  for  the  above 
described  manner  for  the  initiation  of  latch-up,  the  SNpN  . 8pNp  product 
must  be  greater  than  unity.  In  fact,  the  smaller  the  magnitude  of  R 
and  RS^.  the  larger  the  required  8^p^  . Bp^p  product. 

In  the  above  discussion,  a slowly  increasing  voltage  Vpp  was  assumed, 
avalanche  multiplication  within  the  substrate-to-P-well  junction  was 
responsible  for  establishing  sufficient  lateral  current,  causing  the 
source  junctions  to  become  forward-biased,  therefore,  initiating  latch-up. 
Now  suppose  a rapidly  increasing  voltage  is  applied  at  the  VDD  terminal  (or, 
equivalently,  a rapidly  decreasing  voltage  at  the  Vgg  terminal).  The 
potential  across  the  depletion  layer  capacitances  of  the  substrate-to-P-well 
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and  source/drain  junctions  must  follow  the  voltage  excursion*.  Thus, 
lateral  current  can  flow  because  of  the  shifting  charge  produced  by 
the  voltage  transient.  This  lateral  current,  assuming  it  to  be  of  suf- 
ficient magnitude,  forward-biases  the  source  junctions,  with  latch-up 
resulting  in  the  manner  explained  previously.  In  practice,  such  voltage 
transients  can  originate  from  power  supply  spikes,  motor  and  switch 
sparking,  corona,  and  radio  frequency  interference  (RFI)  from  sources 
too  numerous  to  mention  [4.40]. 

In  general,  given  a PNPN  structure  such  that  unity  loop  gain  is 
attainable,  the  injection  of  sufficient  minority  carriers  into  the  sub- 
strate and/or  P-well  can  establish  the  necessary  lateral  current  to 
trigger  latch-up.  Several  other  ways  exist  in  which  such  minority 
carrier  injection  can  be  accomplished.  If  the  network  which  loads  the 
output  is  capable  of  sinking  or  sourcing  a current  exceeding  the  holding 
current  of  the  PNPN  path,  then 

V > V + V 

OUT  - DD  BE 

or  (4.5.84) 

V < V - V 

OUT  SS  BE 


! 


leads  to  latch-up,  where  V is  the  forward-bias  voltage  reguired  to  inject 

BE 

sufficient  current  for  regeneration.  Furthermore,  if  gate  protection  diodes 
are  included,  then 


(4.5.85) 


*This  is  simply  the  C(4V/4t)  current,  where  C is  the  effective  capacitance. 
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can  initiate  latch-up.  In  this  case,  V is  the  forward-bias  voltage  of 
the  gate  protection  diodes,  which  are  connected  from  the  input  gates  of 
the  MOS  transistors  to  the  substrate  and  P-well  separately.  If  meets 
the  conditions  given  in  (4.5.85),  the  forward-bias  on  one  of  the  diodes  causes 
minority  carriers  to  be  directly  injected  into  the  PNPN  path.  Of  course, 
the  physical  location  of  the  gate  protection  diodes  with  respect  to  the 
PNPN  pat  j is  an  important  consideration  in  whether  latch-up  can  result. 

In  addition,  avalanching  the  source  or  drain  junctions  of  either 
MOS  transistor  can  establish  a lateral  current  flow.  If  any  source  or 
drain  junction  executes  punch-through  to  the  substrate-to-P-well  junction, 
latch-up  conditions  are  possible.  However,  punch-through  occurrences  are 
controllable  by  layout  factors  and  should  rarely  present  a problem. 

Finally,  radiation  (both  photons  and  neutrons)  produces  minority  carrier 
pairs.  The  photocurrents  generated  by  transient  ionizing  radiation  induce 
latch-up  by  altering  the  internal  bias  conditions  presented  to  the  parasitic 
lateral  PNP  and  vertical  NPN  transistors  [4.35].  The  photocurrent  flows 

between  the  V and  V power  supplies  via  the  large  P-well-to-substrate 

UU 

diode.  Of  course,  with  the  photocurrent  established  from  the  transient 
radiation,  the  emitter-base  junctions  become  forward  biased  in  the  same 
way  as  described  above. 

Next  consider  the  transmission  gate  structure.  The  transmission  gate 
is  unlike  the  inverter  gate  in  that  V is  not  connected  to  the  P-channel 
transistor's  source.  Figure  4.5.35  shows  a cross-section  of  a typical  CMOS 
structure  in  the  proper  terminal  connection  for  the  transmission  gate. 

Latch-up  can  occur  in  the  transmission  gate  in  an  analogous  manner 
to  that  described  for  the  inverter  gate  where  a PN  junction  becomes  forward- 
biased.  Suppose  the  voltages  on  the  analog  input  and  analog  output  are 


(A)  (A) 

denoted  by  and  respectively.  Then  any  one  of  the  following 

conditions  will  cause  either  a source  or  drain  junction  to  become  forward- 
biased  and  inject  minority  carriers. 

< V - V 1 
IN  ~ SS  BE 


(4.5.36) 


V < V - V 
OUT  - SS  BE 


> V + V 

DD  BE 


(4.5.87) 


V > V 
OUT  DD 


As  before,  the  minority  carriers  establish  a current  flow.  If  sufficient 
loop  gain  around  the  two  parasitic  transistors  (PNPN  path)  can  be  generated, 
latch-up  is  likely.  Of  course,  the  same  three  conditions  listed  above  in 
the  inverter  gate  discussion  must  be  satisfied  for  the  latched  state  to  be  on. 

Conditions  (4.5.86)  and  (4.5.87)  can  be  fulfilled  by  either  a transient 
spike  on  the  power  supply  (VDD  or  Vgs)  or  by  either  the  analog  input  or  out- 
put exceeding  the  power  supply  range.  The  latter  possibility  imposes  restric- 
tions upon  the  loading  of  the  transmission  gate.  Carelessness  in  selecting 
the  loading  network  connected  to  the  analog  terminals  has  been  responsible 
for  giving  the  transmission  gate  a poor  latch-up  reputation. 

Allowing  the  total  applied  voltage  | - V | across  the  substrate- 

to-P-well  junction  to  exceed  the  avalanche  breakdown  voltage  can  also  lead 
to  latch-up.  However,  the  loading  (and  attendant  voltage  state)  on  the 
analog  terminals  must  be  favorable  to  latch-up.  This  can  be  seen  by  exam- 
ining latch-up  equivalent  circuit  for  the  transmission  gate  in  Fig.  4.5.36. 


Generally,  gate  protection  diodes  are  not  connected  to  the  gating 
inputs  of  the  transmission  gate  because  of  the  buffering  with  inverter 
gates.  If  gate  protection  diodes  are  used  on  the  buffering  inverter 
gates,  and  if  these  diodes  are  physically  close  to  the  MOS  transistors 
forming  the  switch  itself,  then  forward-biasing  these  diodes  may  initiate 
latch-up.  This  is  not  usually  a problem  in  typical  commercially  available 
CMOS  because  of  the  layout  separation.  Also,  radiation  can  initiate  latch- 
up  in  transmission  gates. 

Analysis  of  CMOS  Latch-Up 

The  general  approach  taken  in  latch-up  prediction  for  an  integrated 
circuit  can  be  summarized  as  follows: 

(1)  Data  on  impurity  levels,  impurity  profiles,  and  minority 
carrier  lifetimes  is  collected. 

(2)  Principal  latch-up  paths  are  identified  using  the  layout  of 
the  integrated  circuit  (or  postulated  if  the  analysis  is 
conducted  before  or  during  layout). 

(3)  Bulk  resistances  and  current  flow  paths  calculated  in  both 
substrate  and  P-well. 

(4)  Calculate  the  appropriate  current  gain  for  the  parasitic 
vertical  NPN  transistor. 

(5)  Calculate  the  appropriate  current  gain  for  the  parasitic 
lateral  PNP  transistor  including  field-aiding  effects. 

(6)  Finally,  form  the  product  of  the  current  gains  and  test 
(equation  4.5.82)  to  check  for  latch-up  occurence. 

Geometry  in  CMOS  integrated  circuits  plays  a crucial  role  in  deter- 
mining latch-up  behavior.  From  the  discussion  in  the  previous  section, 
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• it  is  clear  that  reducing  the  parasitic  bulk  resistances  (resistors  R 




Si 

and  R in  Figure  4.5.34)  in  order  to  minimize  the  voltage  drop  across  a 

D ^ 

source  region,  and  maximizing  the  lateral  PNP  transistor's  base  width 
to  reduce  its  current  gain  will  reduce  the  susceptibility  of  the  integrated 
circuit  to  latch-up.  Furthermore,  reducing  the  bulk  resistances  also 
reduces  the  lateral  field-aiding  enhancement  of  the  PNP  transistor's  current 
gain.  Of  course,  these  factors  are  strong  functions  of  layout.  To  reduce 
the  magnitude  of  the  bulk  parasitic  resistances,  it  is  necessary  to  distri- 
bute and  V via  metal  interconnections  to  many  points  across  the  chip 
(unfortunately,  it  is  not  always  compatible  with  layout  efficiency).  Further^ 
more,  placing  contacts  as  close  to  the  P-well,  and  Vgg  contacts  as 
close  to  the  substrate  as  practical,  helps  in  this  regard. 

The  orientation  of  the  source  regions  relative  to  the  latch-up  current 
path  is  important  in  determining  the  forward-bias  lateral  voltage  differen- 
tial across  the  source  junctions.  It  can  be  of  some  advantage  to  place 
the  lengthwise  direction  of  the  source  perpendicular  to  the  latch-up  current 
path  (often  this  is  approximately  parallel  to  the  edge  of  the  most  adjacent 
P-well) . Another  factor  of  considerable  importance  is  the  P-well-to-source 
spacing  relative  to  the  contact-to-P-well  spacing.  To  reduce  latch-up 
susceptibility,  this  ratio  should  be  as  large  as  feasible.  From  the  above 
discussion,  it  is  clear  that  geometrical  factors  are  cricital  in  the 
consideration  of  latch-up.  Efforts  to  increase  the  density  of  CMOS  inte- 
grated circuits  by  scaling  down  the  geometrical  features  increases  latch-up 
susceptibility.  Unfortunately,  control  of  geometry  alone  is  not  always 
adequate  to  prevent  latch-up. 

Minority  carrier  lifetime  is  an  important  parameter  influencing  latch- 
up.  Consider  the  vertical  NPN  transistor's  current  gain  — — some  CMOS 
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integrated  circuits  (particularly  high  voltage  custom  CMOS  integrated 
circuits)  have  deep  P-well  diffusions  resulting  in  wide  transistor  base 
widths.  The  base  transport  factor  becomes  important  in  wide  base  transis- 
tors which  means  that  minority  carrier  lifetime  can  strongly  influence  the 
current  gain.  To  analyze  the  NPN  current  gain,  the  P-well  and  source 
diffusion  profiles  must  be  known.  The  impurity  profile  data  can  either 
be  determined  by  measurement  or  from  the  process  simulator  SUPREM  [4 . 4 1 J . 
Using  a one-dimensional  numerical  semi-conductor  device  analysis  program 
such  as  SEDAN  [4.42],  the  current  gain  of  the  vertical  NPN  transistor  may 
be  determined. 

The  role  of  lifetime  is  even  more  important  in  the  operation  of  the 
parasitic  lateral  PNP  transistor  where  base  widths  can  be  of  the  order 
of  a diffusion  length  or  more.  In  fact,  the  lateral  PNP  structures 
commonly  encountered  along  latch-up  paths  have  current  gains  which  are 
dominated  by  the  base  transport  efficiency.  An  additional  factor  must 
be  considered  when  analyzing  the  lateral  PNP  transistor's  current  gain. 

An  electric  field  accompanies  the  lateral  current  flow  in  the  bulk  regions. 
This  current-induced  electric  field  (a)  enhances  the  minority  carrier 
transport  in  the  base,  and  (b)  concentrates  the  minority  carrier  injection 
of  the  forward-biased  source-substrate  junction  at  the  edge  closest  the 
P-well  (collector).  Both  effects  act  to  increase  the  PNP  transistor's 
current  gain.  Typical  current-induced  electric  field  strengths  in  CMOS 
structures  can  range  from  approximately  20  to  100  volts/cm  at  the  threshold 
of  latch-up.  Figure  4.5.37  shows  the  calculated  current  gain  of  the  lateral 

PNP  transistor,  which  has  unity  emitter  efficiency,  as  a function  of  base 
width  normalized  to  diffusion  length  and  for  lateral  electric  field  strength. 
Clearly,  the  lateral  current-induced  field  strongly  enhances  the  effective 
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current  gain  and  must  be  accounted  for  in  the  analysis. 

By  reducing  the  minority  carrier  lifetime  to  small  enough  values, 
latch-up  can  be  eliminated.  In  fact,  the  use  of  gold  doping  to  reduce 
lifetime  in  CMOS  integrated  circuits  have  been  investigated  by  Dawes  and 
Derbenwick  [4.43]  — — they  found  that  with  sufficient  introduction  of 
gold  that  latch-up  can  be  eliminated.  The  reduction  of  current  gain  from 
decreasing  lifetime  is  evident  in  Figure  4.5.37  if  one  recalls  that  the 
diffusion  length,  L,  is  proportional  to  the  square  root  of  the  lifetime. 
Hence,  being  able  to  equate  effective  current  gain  for  both  the  NPN  and 
lateral  PNP  parasitic  transistors  with  bulk  lifetime  is  crucial  in  the 
analysis  of  latch-up  threshold  for  a given  CMOS  process  and  geometry. 

Examp le:  Latch-Up  in  Siliconix  DG  515 

An  example  of  the  analysis  of  latch-up  susceptibility  in  a CMOS 

integrated  circuit  is  presented  in  this  section.  The  Siliconix  DG  515 
is  a four-bit  D/A  converter  switch  (SPDT)  with  CMOS  switch  drivers  included 

on  chip.  Figure  4.5.38  shows  a section  fo  the  DG  515  chip  containing 

one  of  the  input  CMOS  inverters.  Latch-up  can  be  induced  in  the  DG  515 
if  sufficient  current  flows  between  the  and  contacts  along  the 
latch-up  path  shown  in  Figure  4.5.38. 

A detailed  analysis  along  this  latch-up  path  predicts  that  a lateral 
current  of  approximately  4.5  mA  must  be  present  to  generate  sufficient 
forward-bias  to  turn-on  the  parasitic  transistors.  This  is  consistent 
with  measured  results  as  shown  in  Figure  4.5.39  where  a P-well-to-substrate 
avalanche  current  of  4.15  mA  triggers  the  latch-up  mode.  A sampling  of 
twenty  DG  515  integrated  circuits  gave  latch-up  threshold  currents  of 
3.8  to  4.9  mA. 
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The  bulk  resistance  in  the  substrate  between  the  V contact  and 
the  P-well  is  approximately  1050  ohms,  whereas,  the  lightly  doped 
P-well  resistance  is  of  the  order  of  3000  to  4000  ohms  from  V^g 
contact  to  the  far  P-well  edge.  As  the  current  along  the  latch-up 
path  increases,  the  NPN  transistor  turns  on  before  the  lateral  PNP. 

Measured  NPN  current  gains  ranged  from  40  to  115  for  near  identical 
conditions.  At  4.5  mA  of  lateral  current  along  the  latch-up  path,  about 
about  0.6  volt  is  developed  between  the  V contact  and  the  P+  source 
of  the  P-channel  MOS  transistor.  This  allows  the  parasitic  lateral  PNP 
to  turn  on.  For  the  lateral  PNP,  the  base  width  is  close  to  one  and  one- 
half  times  the  diffusion  length  in  the  substrate.  The  calculated  current- 
induced  lateral  aiding  field  is  45  volts/cm,  which  considerably  enhances 
the  current  gain  of  the  lateral  PNP.  The  estimated  peak  lateral  PNP  current 
gain  is  five,  however,  this  can  not  be  verified  by  measurements  because 
individual  measurement  of  the  PNP  current  gain  does  not  allow  the  lateral 
electric  field  to  be  applied.  The  product  of  the  current  gains  of  both 
the  NPN  and  lateral  PNP  transistors  considerably  exceed  unity,  hence, 
latch-up  is  predicted.  In  the  case  selected  for  the  DG  515,  the  latch-up 
threshold  current  is  determined  by  the  lateral  current  needed  to  bias  the 
transistors  in  the  "on"  state  (sufficient  forward  voltage  on  emitter-base 
junctions).  Latch-up  was  experimentally  achieved  for  both  currents 
from  pulses  on  the  supply  line  and  from  voltages  high  enough  to 
breakdown  the  P-well-to-substrate  junction  allowing  avalanche  current  to 
flow. 
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Parasitic  lateral  PNP  and  vertical  NPN  bipolar  transistor  in  CMOS  integrated  circuit.  Drains 
can  also  form  parasitic  transistors. 


ANALOG  9 INPUT  ANALOG  9 OUTPUT 


Figure  4.5.35.  Cross-section  of  CMOS  transmission  gate  connection 


4.6  A Charge-Oriented  Model  for  MOS  and  Transistor  Capacitances  (D.E.  Ward) 


L 


Introduction 

The  successful  computer  simulation  of  MOS  circuits  requires  an 
accurate  model  for  transistor  capacitances.  While  use  of  average 
capacitance  values  may  suffice  for  some  devices  or  circuits,  it  is 
usually  necessary  to  consider  the  variation  of  capacitance  with  voltage. 

A model  which  does  this  was  developed  by  Meyer  [4.44],  and  is  used  in  many 
modern  circuit  simulators.  While  this  model  works  well  for  most  cases, 
it  is  inadequate  for  use  with  some  newer  device  and  circuit  technologies. 
In  particular,  it  fails  for  circuits  in  which  charge  storage  is  important. 
Such  is  the  case  for  many  dynamic  and  silicon-on-sapphire  (SOS)  circuits. 

A model  to  handle  circuits  in  which  charge  is  more  important  than  capa- 
citance will  be  presented  here. 

The  Conventional  Model 

Meyer's  model  is  shown  in  Figure  4.6.40.  Three  non-linear  capacitors 
are  defined  in  terms  of  the  total  gate  charge  Q *. 


"GB 


(4.6.88) 


The  current  through  each  capacitor  is  computed  from 
dV 

i * C (V0)  ^ (4.6.89) 

where  the  capacitance  has  been  evaluated  at  some  appropriate  voltage  Vq. 

Several  problems  can  occur  with  this  model,  the  most  important 
being  the  omission  of  source-bulk  and  drain-bulk  capacitances.  These 
problems  lead  to  a non-conservation  of  charge  (charge-pumping)  in  which 
the  charge  stored  in  a node  is  not  equal  to  the  integrated  net  current 
flowing  into  the  node.  Discontinuities  in  the  capacitance  functions  can 


also  cause  instabilities  in  the  Newton-Raphson  iteration  procedure. 
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where  i is  the  net  current  flowing  into  the  region  and  Q is  the  total 
charge  contained  in  the  region.  Thus  we  can  write 


dQ 


XG  dt 


B 


*B  dt  1S  XD  dt 

For  use  in  a circuit  simulator  we  integrate  these  equations: 

;■ 

J i dt  = Q(tx)  - Q(to) 

to 


d(Qs  + Qd> 


(4.6.90) 


(4.6.91) 


In  general  Q is  a complex  function  of  time.  • The  problem  is  simpli- 
fied by  assuming  that  the  charge  at  any  time  is  determined  by  the  terminal 
voltages  at  that  instant.  Then  Q can  be  determined  from  steady-state 
conditions. 

Any  theory  of  MOS  transistor  operation  which  predicts  the  total  gate 
and  bulk  charges  can  be  used  to  find  Q^,  Qg,  and  Qg  + Qp.  The  results 
given  here  are  based  on  the  simple  theory  of  Ihantola  and  Moll  [4.45], 

Gate  and  bulk  charges  are  calculated  from  the  one-dimensional  Poisson 
equation  applied  perpendicular  to  the  surface.  Channel  charge  is  computed 
from 


- «G  + V 


and  is  related  to  the  source  and  drain  charges: 


(4.6.92) 


(4.6.93) 
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Unfortunately,  the  drain  and  source  charges  are  not  as  well-defined  as 


the  gate  and  bulk  charges  and  must  be  obtained  by  partitioning  the 
channel  charge.  The  present  model  uses 

Qs  = QD  = (4.6.94) 

The  partitioning  of  channel  charge  will  be  considered  in  more  detail 
later . 

Equations  (4.6.90)  and  (4.6.91)  are  used  to  relate  voltage  and  cur- 
rent as  follows.  Let  subscripts  denote  timepoints  and  superscripts  denote 
Newton-Raphson  iteration  numbers.  Thus  we  have 
Vq  = Voltage  at  last  timepoint  (known) 

V ° = Voltage  at  previous  iteration,  this  timepoint  (known) 

Vj * * Voltage  at  next  iteration,  this  timepoint  (unknown) 

From  (4.6.91) 

1 (ilI+  V " Qll  - Qo  (4.6.95) 

where  the  integral  of  current  has  been  approximated  by  a trapezoidal 
integration  formula. 

Expanding  Q^V)  about  Vj0: 


- v 4 If 


<v*i  - \i  > 


(4.6.96) 


V -V  . 
x xl 


The  subscript  x takes  the  values  "D",  "G" , "S",  and  "B",  denoting 
one  of  the  terminals.  Thus 


T (111+  V " (Ql°‘Qo)  + 


1 


(v’-V  °)  (4.6.97) 

xl  xl 


V -V  / 

x xl 


This  equation  for  i^  can  be  substituted  into  the  nodal  admittance  matrix 

1 


to  obtain  a solution  V 


xl 
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It  is  clear  that  charge  is  conserved  in  this  model  since  it  is  com- 
puted directly  from  the  voltages.  Convergence  problems  are  minimized  by 
complete  linearization  of  (4.6.91).  The  inclusion  of  an  equation  for  the 


bulk  insures  that  capacitance  effects  associated  with  the  bulk  will  be  modeled. 
It  is  convenient  to  define  the  capacitances 


A 3Q. 


yx 


3 V 


(4.6.98) 


Note  that  there  are  two  capacitances  between  each  pair  of  terminals.  Thus, 


for  example  we  have  C = ^ and  C = ^ between  gate  and  bulk.  These 

GB  3 VB  BG  3V^ 

cannot  be  represented  by  a normal,  two-terminal,  reciprocal  capacitor  since 


in  general  C i C . As  an  example,  and  are  plotted  as  functions 

6 yx  xy  K GB  BG  r 


of  gate  voltage  in  Figure  4.6.42.  It  is  apparent  that  the  present  model 
differs  substantially  from  that  of  Meyer. 


The  Meyer  model  defines  C , C , and  C in  the  same  manner  as  the 

oD  GB  GS 


present  model,  but  assumes  that  CD(,  = C , = C^,  and  C * CGg.  Also, 


a simpler  form  for  bulk  charge  is  assumed.  Thus,  as  shown  in  Figure  4.6.42, 
the  gate-bulk  capacitance  for  the  Meyer  model  is  zero  above  while  it 
can  be  seen  that  the  charge  model  gives  capacitances  which  are  significant. 


Figure  4.6.43  compared  C and  C for  the  charge  model  and  that  of 

uU  L)G 


Meyer.  Here  we  can  readily  see  a physical  basis  for  the  difference  between 


C„n  and  C„  in  saturation.  Cor,  describes  the  effect  of  the  drain  on  the 
UU  LK*  glj 


gate  (a  feedback  effect).  In  saturation,  the  drain  voltage  is  isolated  from 
the  channel  by  the  pinch-off  condition  and  cannot  affect  the  gate  charge. 


Thus  C„_.  is  zero.  A change  in  gate  voltage,  however  will  produce  a 
GD 


change  in  channel  charge.  Some  of  this  change  in  charge  will  come  about 


through  a drain  current.  Thus  C , which  describes  the  effect  of 

DG 
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gate  voltage  on  drain  charge  (a  feed  forward  effect)  will  not  be  zero. 

Figure  4.6.43  also  shows  for  the  Meyer  model.  Although  similar  to 

of  the  charge  model,  the  threshold  voltage  at  the  drain  is  computed 

from  the  bulk  charge  at  the  source. 

In  order  to  find  the  drain  and  source  currents  from  (4.6.90),  we  must 

have  an  algorithm  for  partitioning  Q into  Q and  Q . This  splitting 

L U b 

may  be  done  in  several  ways: 

1)  Divide  the  channel  physically  at  some  y = aL,  where  L is  the 
channel  length.  Then  take 


■ / 


o dQc 
dy 


dy  and  Q. 


b-/ 


dQ< 

dy 


dy 


(4.6.99) 


o y 

o 

Thus  the  charge  to  the  source  side  of  y goes  into  Q and  the  charge  on 

O J 

the  drain  side  goes  into  Q . Then y = aL  can  be  found  by 

D o 

a)  Take  a = constant 

b)  Take  y as  the  point  where  the  surface  potential  is  some 
constant  fraction  of  the  drain-to-source  voltage. 

c)  Calculate  the  transient  current  in  the  channel  <51  (y)  due 

to  a change  in  a terminal  voltage  V . Take  y so  that 

x o 

6l  (yj  = 0.  This  gives  the  exact  terminal  currents.  The 
point  yQ  may  vary  with  bias  and  may  depend  on  which  voltage 
V is  changed. 

yD 

d)  Take  a = — as  any  empirical  function  of  the  terminal  voltages. 

2)  Divide  the  channel  charge  mathematically,  take  Q ■ b Q , 

D c 

Qg  “ (1-b)  Qc>  and  OS  b £ 1.  In  general,  b may  be  a function  of  the 
terminal  voltages. 
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Thus  we  must  take  derivatives 


X 3 b 

In  this  case  = b . 

XX  X 

of  b. 

The  method  chosen  was  method  2 with  b * 

Although  model  1(c)  gives  the  exact  capacitances  it  is  difficult 

analytically.  This  method  was  used  in  a numerical  analysis  to  find  the 

capacitances  C and  C . These  are  compared  with  the  results  using 
DG  SG 

method  2,  b=>s,  and  with  the  Meyer  model  in  Figure  4.6.44.  Thus  the  charge 

model  assigns  half  the  channel  charge  in  saturation  to  the  source  and 

half  to  the  drain  while  the  Meyer  model  assigns  all  the  charge  to  the 

source.  The  exact  result  assigns  of  the  channel  charge  to  the  source 

and  to  the  drain, 
o 

Examples 

Several  examples  which  illustrate  the  importance  of  the  charge- 
oriented  model  applied  in  circuit  simulation  are  now  considered.  Figure 
4.6.45a  shows  a non-linear  capacitance  driven  by  the  voltage  waveform  of 
Figure  4.6.45b.  Figure  4.645c  shows  the  capacitance  as  a function  of  time. 
The  Meyer  model  approximates  this  capacitance  by  the  stair-step  shown 
in  the  dotted  line.  The  size  of  the  step  depends  on  the  timestep  h used 
in  the  simulation.  The  current  entering  the  capacitor  is  shown  in  Figure 
4.6.45d.  Note  that  in  the  simulated  (dotted)  waveform  more  current 
flows  out  of  the  capacitor  than  flows  in.  This  represents  a charge  loss, 
as  shown  in  Figure  4.6.45e.  In  many  practical  circuits  this  charge  loss 

would  result  in  a voltage  error. 

Figure  4.6.46a  shows  a more  realistic  version  of  the  previous  example* 
In  this  bootstrap  circuit  the  variable  capacitor  has  been  replaced  by 
the  gate  source  and  gate-drain  capacitance  of  a MOS  transistor  and  a 
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load  capacitance  was  added.  The  simulated  output  using  the  Meyer  model  is 
shown  in  Figure  4.6.46c.  Note  that  the  DC  levels  are  in  error  by  several 
volts.  Also,  the  result  depends  on  the  timestep  used.  Even  with  64 
timesteps  in  the  risetime  of  the  input,  the  output  is  in  error  by  .5 
volt  after  two  cycles.  As  seen  in  Figure  4.6.46d,  the  charge  oriented  model 
gives  accurate  DC  levels  even  for  a timestep  equal  to  the  risetime  of 
the  input.  Thus  we  can  greatly  reduce  simulation  time  while  maintaining 
increased  accuracy. 

Figure  4.6.47  is  the  circuit  of  a D-type  latch  fabricated  with  CMOS-on- 
sapphire  technology.  When  the  clock  goes  high,  M2  turns  off  breaking 
the  feedback  path,  and  the  input  data  is  connected  to  the  inverter  pair 
through  Ml,  in  an  n-channel,  floating-bulk  device.  When  the  clock  again 
goes  low  Ml  turns  off  and  M2  turns  on,  latching  the  data. 

Figure  4.6.48c  shows  the  output  of  a simulation  for  the  inputs  of 
Figures  4.6.48a  and  4.6.48b.  According  the  old  model  the  output  never  goes 

high.  The  results  predicted  by  the  new  model  are  correct. 

The  discrepancy  is  due  to  the  difference  in  capacitance  models 
during  the  rising  clock.  Figure  4.6.49a  shows  the  Meyer  model  for  MI  at 

this  time.  The  bulk  is  coupled  to  node  "S"  through  a capacitive  divider 
chain  consisting  of  the  junction  capacitances  CJgB  and  CJDB-  Figure  4.6.48d 

shows  that  while  the  bulk  of  Ml  follows  node  "S"  to  some  extent,  a back- 
bias  of  5V  still  develops  to  turn  off  the  device.  An  approximate  equiva- 
lent circuit  using  the  new  model.  Figure  4.6.49b,  has  two  more  capacitances 

in  the  divider  network.  The  bulk-gate  capacitance  C couples  the  rising 
clock  signal  to  the  bulk,  while  the  bulk-source  capacitance  Cfig  couples 
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the  bulk  to  node  "S".  The  result,  seen  in  Figure  4.6.48e,  is  that  only  IV 
of  back-bias  is  produced  and  node  "S"  rises  to  a voltage  capable  of 
setting  the  latch. 

CONCLUSIONS 

A model  for  MOS  capacitance  which  is  based  on  charge  has  been 
presented.  The  model  is  especially  suited  to  circuits  where  charge- 
conservation  is  important,  such  as  in  dynamic  and  SOS  circuit*  Examples 
have  been  given  for  which  the  charge-oriented  model  gives  correct  results 
while  the  conventional  model  is  inadequate. 
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Figure  4.6.45  - Circuit  showing  non- 
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(a)  DATA 


(b)  CLOCK 


(c)  OUTPUT 


(d)  OLD  MODEL 


(e)  NEW  MODEL 


Figure  4.6.48  - Waveforms  for  circuit  of  Figure  4.6.47 
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4.7  Statistical  Circuit  Analysis  — An  Example  (D.  A.  Divekar,  W.  J.  McCalla) 
Introduction 

The  procedure  of  statistical  circuit  analysis  is  illustrated  with 
the  help  of  a simple  circuit  example.  The  circuit  consists  of  two  tran- 
sistors connected  in  the  form  of  an  emitter  coupled  pair  which  can  be 
considered  as  a portion  of  an  emitter  coupled  logic  gate.  The  circuit 
is  intended  for  micro-power  applications  [4.46]. 

<n> 


= -0.1  V 

VEE=  -2.6V 

Figure  4.7.50  - Basic  circuit  schematic  for  a nicropower  ECL  gate. 

Figure  4.7.50  shows  the  circuit  along  with  the  component  and  power  supply 
values  and  the  node  numbers  used  in  the  simulation  program.  RIN  can  be 
considered  as  a part  of  the  power  supply  impedance  and  is  included  only 
to  monitor  the  input  current  of  the  gate.  The  voltage  VBB  is  fixed  at 
-O.lVand  the  input  voltage  is  varied  from  0 to  -0.2V.  Current  thru  R 
is  about  2 uA  and  it  is  switched  from  Q2  to  Q1  as  the  voltage  applied 
to  the  input  changes  from  0 to  -0.2V.  The  circuit  is  intended 
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to  operate  between  the  logic  levels  of  OV  and  -0.2V.  The  circuit  has  to 
have  a fan-out  of  at  least  2.  The  logic  levels  should  have  a tolerance 
of  ±5%.  Since  the  output  voltage  is  likely  to  have  more  variation  when 
Q2  is  on,  we  will  consider  only  that  case.  When  Q2  is  on,  a current  of 
2 pA  flows  thru  R2  and  the  output  voltage  is  -0.2V.  With  +5%  tolerance, 
the  maximum  limit  is  -190mV.  Also,  if  we  want  the  zero  level  output 
voltage  to  be  less  than  -lOmV,  then  this  allows  a current  of  lOOnA  to 
flow  thru  R2  when  Q2  is  off.  Therefore,  for  a fan-out  of  2,  the  input 
current  of  the  gate  must  be  less  than  50nA.  To  summarize,  the  specifica- 
tions of  interest  are:  V out  should  be  within  -200mV  to  -190mV  range 
when  Q2  is  on  and  the  input-current  to  the  gate  must  be  less  than  50nA 
when  0V  is  applied  to  the  base  of  Q2.  We  will  be  concerned  with  only 
these  two  dc  quantities  for  the  purpose  of  this  example. 

The  parameters  of  Kitchip  [A. 47]  bipolar  transistors  are  used  in 

this  study.  Characterization  was  done  for  35  devices  on  a wafer  and  the 

parameter  distributions  and  correlations  were  computed  [4.2 ].  Then, 

all  the  paramters  were  expressed  in  terms  of  the  saturation  current 

Ig  as  the  independent  parameter.  Only  the  dc  parameters  Ig>  anc* 

n play  an  important  role  for  the  above  circuit  since  these  parameters 
e 

govern  the  dc  low  current  behavior  of  the  circuit. 

Nominal  Analysis 

The  first  step  in  the  analysis  is  to  use  the  mean  values  of  all  the 
parameters  from  their  distributions  and  model  the  circuit  to  check  if 
it  functions  as  desired.  The  input  deck  for  the  nominal  analysis 
is  shown  in  Figure  4.7.51  and  the  corresponding  output  voltage  and  the 
voltage  at  the  collector  of  Ql  is  shown  in  Figure  4.7.52  as  a function 
of  input  voltage. 
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The  input  voltage  is  swept  as  a function  of  time  and  hence  the  values  of 
time  in  mili-seconds  correspond  to  the  magnitude  of  V^n  in  mili-volts. 

It  is  to  be  noted  that  the  voltage  is  varied  from  0 to  -200mV.  These 
transfer  curves  show  that  the  output  voltage  is  within  desired  limits 
when  V^n  is  0 and  -200mV  and  the  cross-over  takes  place  at  V^n  - Vgg  = 
-0.1V  as  expected.  The  input  current  to  the  gate  is  40nA. 

Worst  Case  Analysis 

The  next  step  is  to  analyze  the  circuit  under  worst  case  conditions 
of  the  device  parameters  to  check  if  the  performance  still  remains  within 
the  desired  limits.  For  the  circuit  under  consideration,  when  Vin  = 0 
and  Q2  is  on,  the  output  voltage  will  have  limiting  values  under  following 
conditions . 


Xs 

S 

n 

e 

C2 

V . 
out 

Xin 

Case 

1 

max 

min 

min 

max 

-50mV 

1500nA 

Case 

2 

min 

max 

max 

min 

-197mV 

lOnA 

The  circuit  behavior  is  well  within  the  desired  limits  for  case  2 
but  its  performance  for  case  1 is  not  at  all  satisfactory. 

One  drawback  of  performing  this  worst  case  analysis  is  that  it  just 
tells  within  what  limits  the  performance  may  vary  but  it  does  not  give 
any  idea  for  how  many  devices  on  a wafer  will  this  extreme  limits  be 
observed.  Therefore  this  gives  a pessimistic  picture  of  the  circuit  since 
theoretically  the  probability  of  occurence  of  these  worst  case  conditions 
may  be  negligible. 

Statistical  Analysis  Without  Correlations 

To  get  an  idea  of  the  distributions  of  output  voltage  and  input  cur- 
rent to  the  gate,  it  is  necessary  to  perform  a statistical  analysis  of 
the  circuit.  In  this  analysis,  a number  of  cases  are  analyzed  by  choosing 
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samples  from  the  probability  distribution  functions  of  various  device 
parameters.  The  distributions  obtained  from  the  measurements  of  the 
kitchip  devices  were  used  to  analyze  100  cases.  Corresponding  input  deck 
is  shown  in  Figure  4.7.53.  Figure  4.7.54  shows  the  histograms  of  Ig,  as  an 
example,  generated  for  this  analysis  which  is  compared  with  the  measured 
histogram  of  Is.  The  cumulative  probabilities  are  to  be  compared  in  the 
two  cases  since  the  actual  number  of  devices,  listed  in  the  second 
column  from  right  will  be  different  depending  upon  the  number  of  cases 
analyzed.  The  agreement  between  the  two  distribution  confirms  the  fact 
that  the  distributions  generated  by  the  program  are  indeed  similar  to 

that  the  distributions  generated  by  the  program  are  indeed  similar  to  the 

measured  ones.  Figure  4.7.55  shows  the  envelope  plot  of  the  output  voltage 
of  the  output  voltage  for  the  desired  number  of  cases  are  plotted  at 
each  of  the  values  of  the  input  voltage.  The  spread  in  output  voltage 
is  more  when  Q2  is  on,  i.e.,  when  Vin  = 0 than  when  Q2  is  off  (Vin  = -200mV) 
as  expected.  This  verifies  the  assumption  made  in  the  previous  section  of 
circuit  description.  Since  we  are  interested  in  the  output  voltage  when 
V^n  = 0,  we  can  observe  the  histogram  of  the  output  voltage  at  that  Vin, 

which  is  shown  in  Figure  4.7.56.  The  spread  in  the  voltage  output  is  much 

less  compared  to  the  extreme  values  suggested  by  the  worst  case  analysis. 

This  is  because  of  the  fact  that  the  particular  combinations  used  for 
worst  case  analysis  do  not  occur  in  this  analysis.  From  the  histogram 
we  can  also  see  that  for  75%  of  the  circuits,  the  output  voltage  is  less 
than  -190V  as  desired.  Thus  we  may  conclude  that  about  75%  of  the  circuits 
will  meet  the  output  voltage  specifications.  From  the  histogram  of  input 
current,  shown  in  Figure  4.7.57,  it  can  be  seen  that  62%  of  the  circuits  have 
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input  current  lower  than  50nA  as  desired.  (It  is  to  be  noted  that  the 
program  computes  all  currents  in  nA.  Therefore  when  the  program  prints 
a prefix  of  mico  (micro)  for  the  current,  the  actual  current  is  a mill- 
micro  amps  or  nA.)  Similar  to  the  output  voltage,  the  spread  in  input 
current  is  less  than  that  for  the  worst-case  analysis. 

During  this  analysis  mode,  all  the  device  parameter  values  were 
chosen  independently  from  their  respective  distributions.  But  for  actual 
devices  fabricated  on  a wafer  using  a particular  fabrication  process, 
the  device  parameters  will  not  be  completely  independent.  Therefore  it 
is  necessary  to  take  into  account  this  interdependency  of  the  parameters. 

Statistical  Analysis  with  Parameter  Extractions 

One  way  of  taking  into  account  the  parameter  correlations  is  to 
select  one  parameter  as  independent  parameter  and  express  the  remaining 
parameters  in  terms  of  the  independent  parameter.  The  independent  para- 
meter is  selected  randomly  from  its  distributions  and  the  other  parameter 
values  are  then  computed  from  the  corresponding  expressions. 

A study  of  the  measured  device  parameters  showed  that  the  saturation 
current  Ig  is  a good  choice  for  the  independent  parameter.  First  order 
expressions  for  the  remaining  parameters  suggest  that  it  may  be  adequate 
to  express  these  parameters  in  terms  of  Is  with  the  help  of  simple  linear 
equations.  This  is  done  as  the  next  step  of  this  statistical  simulation. 

Figures  4.7.58  to  4.7.61  show  the  input,  the  envelope  plot  and  the  histograms 
of  output  voltage  and  input  current  respectively.  The  spreads  in  these  two 
performance  parameters  of  interest  are  even  less  than  those  without  corre- 
lations. The  histrograms  show  that  all  the  circuits  satisfy  the  output 
voltage  requirements  are  satisfied  by  all  the  circuits  and  98%  of  the 
circuits  satisfy  the  input  current  requirement. 
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Statistical  Analysis  with  Measured  Parameters 


To  verify  the  simulation  results,  measured  parameters  of  the  experi- 
mental devices  were  used  as  the  model  parameters  and  the  circuit  was 
analyzed  for  those  35  cases.  The  resulting  envelope  plot  and  the  histo- 
grams are  shown  in  Figures  4.7.62  to  4.7.64.  Here  all  the  circuits  satisfy 
both  the  output  voltage  as  well  as  the  input  current  requirements. 
Discussion 

The  worst  case  analysis  of  the  circuit  gives  large  variations  in 
the  circuit  performance  because  even  if  it  is  assumed  that  the  device 
parameters  are  independent,  the  probability  of  occurence  of  the  particular 
combinations  used  for  the  worst-case  analysis  is  negligibly  small.  More- 
over, in  reality,  the  parameters  are  not  independent  and  hence  the  parti- 
cular combinations  giving  rise  to  worst  values  will  never  exist.  For 
instance,  the  measured  parameters  8 and  Ig  show  positive  correlation. 
Therefore  it  is  not  possible  to  obtain  maximum  value  of  Is  with  a minimum 
value  of  8.  Similarly,  the  correlation  between  ne  and  C2  is  positive 
making  the  combination  of  minimum  ne  and  maximum  C2  unrealistic.  The 
simulations  making  use  of  the  parameter  distributions  give  better  results 
but  still  in  this  case  the  physical  inter-relationships  between  various 
parameters  are  not  taken  into  account.  Considerations  of  these  parameter 
correlations  gives  more  realistic  results  which  agree  with  the  circuit 
performance  obtained  by  using  the  measured  device  parameters.  This 
indicates  the  usefulness  of  statistical  simulations  and  the  improvements 
achieved  by  accounting  for  the  physical  correlations  between  the  various 
device  parameters. 
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Figure  4.7.51  - Circuit  simulator  input  for  the  nominal  case  ECL  circuit  shown. 
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Figure  4.7.56  - Simulated  histograms  of  output-low  voltages  for  the  100  examples 
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-140. mv  can  be  considered  as  malfunctioning. 
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Figure  4.7.59  - Simulation  output  voltage  transfer  curves  for  mean,  maximum  and 

minimum  — similar  to  figure  4.7.55  — using  parameter  correlation 
equations. 
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Figure  4.7.63  - Simulated  histogram  of  output-low  using  measured  parameters. 
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ABSTRACT 


A multi-stream  diffusion  model  is  proposed  for  the  calculation  of 
the  annealing  behavior  of  boron  that  is  ion  implanted  into  silicon  at 
room  temperature  and  subsequently  annealed.  This  model  is  capable  of 
predicting  both  the  redistribution  and  the  electrical  activation  of 
boron  during  the  anneal,  as  a realistic  model  should.  The  calculated 
results  compare  very  well  with  extensive  experimental  data  reported  in 
the  literature.  The  comparison  includes  samples  that  are  implanted  at 

room  temperature  with  boron  in  the  dose  range  from  10'*'^  to  10*6  ions/ 

2 „ 
cm  and  subsequently  annealed  in  the  temperature  range  from  800  C to 

1000°C.  This  range  of  dose  and  annealing  conditions  includes  both  the 
typical  applications  of  ion  implantation  as  it  is  applied  in  the  fab- 
rication of  devices  and  the  unconventional  cases  of  high  dose  implants 
and  low  temperature  annealing. 

The  annealing  model  is  in  essence  a diffusion  model  extended  to 
include  the  following  situations: 

(1)  precipitation  of  boron,  when  the  boron  concentration 
level  exceeds  the  solid  solubility  limit,  in  high 
dose  implantation  cases 

(2)  trapping  of  boron  by  the  strain  fields  associated 
with  dislocation  dipoles  that  form  during  annealing 
at  low  temperature 

In  both  cases,  the  presence  of  this  immobile  and  electrically  inactive 
boron  alters  significantly  the  redistribution  and  electrical  activation 
behavior  of  boron  during  the  anneal. 

The  presence  of  boron  precipitates  makes  it  necessary  to  include 
four  species  in  the  annealing  model.  These  species  are  substitutional 
(electrically  active)  boron,  boron-vacancy  pairs  (electrically  inac- 
tive), positively  charged  vacancies,  and  the  aforementioned  immobile 
boron.  The  electrically  active  boron  is  assumed  to  diffuse  substitu- 
tionally  by  means  of  random  encounters  with  neutral  vacancies.  The 
boron-vacancy  pair  is  assumed  to  diffuse  much  more  rapidly.  The  prin- 
cipal interaction  among  the  species  is  the  reaction  of  active  boron 
with  positive  vacancies  to  form  BV-pairs. 
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The  parameters  in  the  model  are  a set  of  dif fusivities  and  lifetimes 
for  various  species  and  interaction.  Hiese  parameters  are  estimated  from 
the  examination  of  each  diffusion  and  each  interaction.  The  values  of 
the  most  important  parameters  obey  simple  activation  energy  relations.  In 
other  cases,  the  modelling  was  either  not  carried  to  the  extent  necessary 
as  to  make  the  temperature  dependence  apparent,  or  else  the  parameters 
represent  the  composite  effects  of  very  complex  interactions.  In  all 
cases,  the  mathematical  model  and  the  parameter  set  are  universal  in  the 
sense  that  the  same  equations  and  parameters  can  be  used  for  the  predic- 
tion of  ordinary  diffusion,  proton  enhanced  diffusion,  and  the  annealing 
behavior  of  ion  implanted  boron  at  room  temperature  under  conditions  that 
include  precipitation  effects  and  low  annealing  temperature  anomalies. 
Furthermore,  in  most  cases  of  practical  importance,  high  dose  and  low 
annealing  temperature  conditions  are  of  limited  interest  and,  as  a result, 
the  three  stream  diffusion  model  with  an  appropriate  subset  of  parameters 
is  sufficient.  This  reduced  model  is  still  very  important  and  attractive 
because,  once  the  parameters  associated  with  high  dose  and/or  low  temper- 
ature anomalies  are  deleted,  the  remaining  parameters  have  simple  activa- 
tion energies  and  are  determined  by  the  specification  of  a single  varia- 
ble: the  temperature. 
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Chapter  I 


THE  ANNEALING  OF  ION  IMPLANTED  BORON  INTO  SILICON  AT  ROOM  TEMPERATURE 


A . Introduction 

1 . The  Problem 

Ion  implantation  is  a technique  [1]  for  introducing  selected 
impurities  into  a substrate  material  in  a controlled  fashion.  It  is 
based  on  the  generation  of  a mass  analyzed  ion  beam  followed  by  the  ac- 
celeration of  these  ions  in  an  electric  field  directed  toward  the  sub- 
strate material.  This  scheme  is  easily  controlled  with  electronic  in- 
strumentation. As  a result,  it  is  possible  to  achieve  repeatably  high 
purity  ion  beams,  to  implant  ions  to  an  accurate  dose,  and  to  impart 
precise  kinetic  energy  to  the  ions,  thus  controlling  reproducibly  their 
stopping  points  in  the  substrate.  These  advantages  are  complemented  by 
the  availability  of  a theoretical  model  from  which  one  can  compute  ac- 
curately the  as-implanted  distribution  of  impurity  atoms.  However,  this 
latter  advantage  is  somewhat  fictitious,  because  the  implanted  ions  may 
produce  substantial  damage  in  the  (crystalline)  substrate  as  they  come 
to  rest.  To  repair  this  damage,  an  anneal  has  to  follow  the  implanta- 
tion. During  this  anneal,  a diffusive  redistribution  of  the  implanted 
impurities  will  occur  and,  as  a result,  the  actual  impurity  profile  may 
differ  substantially  from  the  as-implanted  profile.  The  quantitative 
prediction  of  this  redistribution  problem  is  the  principal  subject  of 
this  thesis. 

2 . The  Implantation  of  Ions 

To  elaborate  on  the  nature  of  this  problem,  it  is  first  useful 
to  remark  that  the  distribution  of  implanted  ions  in  the  solid  substrate 
depends  on  both  the  acceleration  voltage  and  mass  relations  between  the 
implanted  ion  and  the  atoms  of  the  target.  Stopping  of  an  energetic  ion 
occurs  as  a result  of  collisions  between  the  ion  and  the  electrons  and 
atoms  of  the  target.  If  these  collisions  are  sufficiently  energetic, 
host  atoms  will  be  displaced  from  lattice  sites,  thus  leaving  vacancies 
behind.  These  displaced  atoms  may  in  turn  displace  other  atoms  in  the 
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lattice,  forming  as  a result  a disorder  cluster  around  the  ion  track. 
Furthermore,  since  the  process  just  described  is  far  away  from  thermal 
equilibrium,  only  some  of  the  implanted  impurities  will  be  located  on 
substitutional  sites,  after  the  implantation.  In  general , a larger  frac- 
tion will  be  found  in  interstitial  positions  and  still  other  impurity 
atoms  will  form  complexes  with  simple  lattice  defects  (lattice  vacancies 
and  interstitials).  Furthermore,  the  doping  characteristics  of  the  im- 
purity may  be  overwhelmed  by  the  damage.  As  a result,  the  as-implanted 
substrate  will  usually  exhibit  an  electrical  carrier  concentration  far 
below  that  which  would  be  predicted  simply  from  the  implanted  impurity 
concentration  profile.  In  other  words,  only  a small  percentage  of  the 
implanted  impurities  contribute  to  electrical  carriers. 

3 . The  Anneal 

In  order  to  obtain  the  expected  electrical  properties,  it  is 
necessary  to  anneal  the  implanted  material  at  an  elevated  temperature. 
During  annealing,  some  vacancies  will  be  annihilated  by  silicon  inter- 
stitials, divancies  will  anneal  out,  stress  created  by  the  damage  clust- 
ers will  be  relieved  by  the  formation  of  dislocation  loops  and  vacancy 
clusters,  there  will  be  migration  of  defects,  transformation  of  com- 
plexes, etc.,  and,  most  importantly,  a relocation  of  impurities  on  sub- 
stitutional sites  accompanied  by  spatial  redistribution.  After  the  an- 
neal, the  substrate  will  still  retain  residual  dislocation  networks , but 
for  silicon  at  least,  the  mobility  and  electrical  activity  (ration  of 
electrically  active  to  the  totality  of  implanted  impurities)  are  compar- 
able to  bulk-doped  samples,  and  hence  this  process  is  adequate  for  device 
fabrication . 

4 . The  Spatial  Redistribution  of  Impurities  During  Annealing 

In  order  to  examine  further  the  spatial  redistribution  of  Boron 
during  the  anneal,  we  observe  that,  at  the  outset  of  the  anneal,  the  im- 
planted Boron  distribution  is  in  the  presence  of  an  abnormally  high  con- 
centration of  lattice  defects,  mostly  vacancies.  Consequently,  as  an- 
nealing begins,  the  defects  migrate  and  transform,  and  the  redistribution 
of  boron  is  occurring  simultaneously  under  conditions  far  away  from 
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thermal  equilibrium.  Therefore,  It  Is  not  surprising  to  find  that  the 
redistribution  of  boron  during  annealing  cannot  be  predicted  with  a 
simple  diffusion  model  that  utilizes  diffusion  coefficients  derived 
from  ordinary  diffusion  experiments  under  thermal  equilibrium  condi- 
tions . For  instance,  Fig.  1 shows  an  as-implanted  profile  for  boron 
in  silicon  together  with  this  same  profile  after  35  minutes  of  anneal- 
ing at  900 °C.  Both  profiles  were  determined  experimentally  by  Hofker 
et  al  [2],  These  authors  show  that,  to  fit  the  annealed  profile  with 
the  calculated  profile  that  result  from  the  diffusion  of  the  as-im- 
planted boron  distribution,  the  diffusion  coefficient  should  be  set 
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equal  to  1.4x10-14  cm  /sec.  This  value  is  an  order  of  magnitude  higher 
-15  2 

than  1.3  x 10  cm  /sec,  the  diffusion  coefficient  determined  from  or- 
dinary diffusion  experiments  extrapolated  to  900°C.  Further  annealing 


Fig.  1.  AS-IMPLANTED  B PROFILE  AND  THE 
ANNEALED  PROFILE  AT  900 °C  FOR  35  MIN, 
AFTER  HOFKER  ET  AL  [2], 
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shows  that  this  enhancement  in  diffusion  is  a transient  and  that  even- 
tually, as  the  electrical  activity  approaches  100$,  diffusion  will 

gradually  slow  down  and  the  ordinary  thermal  diffusion  rate  of  1.3  x 
-15  2 

10  cm  /sec  will  be  obtained. 

5.  The  Need  for  an  Annealing  Model 

The  example  in  the  preceding  section  is  from  a common  indus- 
trial application.  It  serves  the  purpose  of  showing  the  need  for  a 
realistic  annealing  model.  Such  a model  should  provide  not  only  reas- 
onable predictions  of  the  annealed  boron  profile,  but  also  a reasonable 
prediction  of  the  evolution  of  electrical  activity  versus  time.  At 
present,  empirical  procedures  are  used  to  arrive  at  the  implantation 
conditions  and  annealing  schedule  that  will  achieve  the  desired  profiles. 
In  this  empirical  process , the  accurately  calculated  as-implanted  pro- 
files are  only  used  as  approximations  to  the  desired  profiles.  And  the 
annealing  schedule  is  selected  from  a proven  set  of  conservative  sched- 
ules . 

In  contrast,  given  a suitable  annealing  model,  the  device  de- 
signer can  utilize  the  calculated  as-implanted  profiles  and  from  these 
determine  the  annealed  profiles  for  one  or  more  annealing  schedules. 
Furthermore , such  a model  will  enable  the  entire  ion  implantation  pro- 
cess to  be  modelled  on  a computer,  which  may  lead  to  the  eventual  devel- 
opment of  more  sophisticated  applications  of  ion  implantation  in  device 
fabrication . 

6 . Cases  to  be  Studied 

The  principal  impurities  used  in  the  fabrication  of  silicon 
devices  are  boron  (for  p-type  regions),  phosphorus  and  arsenic  (for  n- 
type  regions).  In  this  group,  B has  attributes  that  make  it  the  most 
widely  implanted  impurity.  For  instance,  the  implantation  of  B for 
threshold  shifting  in  MOS  devices  and  the  implantation  of  the  boron 
doped  base  into  a pre-prepared  substrate  with  the  E and  C structures 
are  possible  because  of  the  light  damage  and  the  long  range  character- 
istics of  ion  implanted  boron.  We  chose  in  the  present  work  to  study 
the  annealing  behavior  of  ion-implanted  boron  into  silicon  at  room 
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temperature  under  conditions  that  include  the  most  relevant  cases  in  de- 

14  15  2 

vice  fabrication;  i.e.,  dose  range  of  10  to  10  ions/cm  and  annealing 
temperature  range  between  900 °C  to  1000 °C.  The  primary  input  to  the  an- 
nealing model  is  the  history  of  the  substrate  summarized  by  two  distri- 
butions: the  as-implanted  boron  profile  (either  computed  or  determined 

experimentally)  and  the  distribution  of  energy  deposited  into  nuclear 
processes  by  the  boron  ions.  Damage  is  a product  of  this  energy  distri- 
bution. Our  goal  is  to  use  this  basic  information  (which  is  available 
for  various  combinations  of  projectiles  and  targets  with  acceleration 
voltage  as  a parameter)  to  predict  the  isothermal  annealing  of  boron 
implanted  into  Si  at  room  temperature  (the  most  common  application) . 
Specifically,  we  wish  to  determine  the  evolution  of  the  electrically- 
active  boron  in  both  time  and  space.  A realistic  annealing  model  should 
predict  ordinary  diffusion,  proton  enhanced  diffusion,  and  naturally  be 
consistent  with  the  collection  of  experiments  that  we  will  review  here- 
after . 

B . A Summary  of  Relevant  Experimental  Data 

The  purpose  of  reviewing  relevant  experiments  is  to  establish  that, 
despite  the  complexity  of  the  actual  situation,  a model  containing  only 
four  interact  ig  species  is  capable  of  explaining  the  major  features  of 
the  annealing  behavior.  These  species  are:  substitutional  boron,  boron 
vacancy  pairs,  positively  charged  vacancies,  and  immobile  boron  (B 
trapped  by  defects  or  B precipitate).  In  what  follows,  we  will  show  that 
with  these  four  species  we  can  model  both  the  diffusive  redistribution 
of  ion  implanted  boron  and  the  electrical  activation  of  the  implanted 
boron  during  annealing. 

The  experiments  we  will  review  can  be  grouped  in  three  major  areas: 
diffusion,  electrical  activation,  and  implantation  damage.  In  the  first 
area,  we  will  examine  diffusion  anomalies,  proton  enhanced  diffusion , and 
the  redistribution  of  profiles  during  annealing.  A vacancy  mechanism  is 
likely  to  account  for  the  global  features  in  these  experiments.  However, 
other  features  will  require  additional  explanations.  This  is  the  case 
for  the  abnormal  structures  in  low-temperature  and  short-time  anneals. 
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Next,  we  will  examine  the  experiments  on  the  lattice  location  of 
ion-implanted  boron.  These  experiments  reveal  that  at  the  initial  stages 
of  annealing  only  a small  fraction  of  boron  is  on  substitutional  sites. 
This  fraction  gradually  increases  to  100$  toward  the  end  of  the  anneal. 
Then,  we  review  experiments  on  the  electrical  activity  of  the  implanted 
Boron  and  show  that  this  data  is  in  good  agreement  with  the  channeling 
data . 

It  is  evident  from  these  experiments  that  there  is  a nonsubstitu- 
tional  fraction  of  boron  during  annealing.  Naturally,  this  inactive 
boron  need  not  be  in  a single  type  of  defect  or  complex.  Whereas,  in 
many  cases  it  does  seem  that  a single  type  of  defect  is  responsible  for 
the  electrical  inactivity,  in  other  cases  it  is  apparent  that  more  than 
one  form  of  inactive  boron  is  required.  To  study  this  possibility,  we 
performed  a group  of  experiments  on  the  evolution  of  implantation  damage 
during  an  isothermal  annealing  to  elucidate  this  issue.  The  global  trans- 
mission electron  microscopy  results  indicate  that,  when  the  presence  of 
more  than  one  form  of  inactive  boron  is  evident,  the  second  form  is  either 
boron  trapped  by  defects  formed  during  annealing  or  boron  precipitate,  if 
the  solid  solubility  limit  was  exceeded  by  the  boron  concentration. 

1 . Experiments  on  Diffusion 

The  study  of  diffusion  depends  heavily  on  the  determination  of 
concentration  profiles.  Whereas  some  profiling  techniques  are  based  on 
the  identification  of  the  species  chemically  present , others  are  based  on 
the  electrical  effect  of  the  ionized  specie  present  in  the  substrate.  In 
the  first  category,  we  find  the  use  of  radiotracers,  secondary  ion  mass 
spectrometry,  Auger,  backscattering , and  ESCA.  In  the  second  category, 
the  techniques  are  two  point  or  four  point  resistance  measurements,  CV 
profiling,  and  Hall-mobility  measurements.  In  general,  these  methods  do 
not  give  the  depth  information  unless  they  are  used  in  conjunction  with 
a layer  removal  technique  such  as  anodic  oxidation  and  oxide  stripping 
or  sputtering  with  an  argon  ion  beam.  The  data  that  we  will  review  were 
obtained  using  SIMS  for  the  determination  of  total  boron  concentra- 
tion profiles  in  the  substrate  and  Hall-mobility  measurement  to  deter- 
mine the  ionized,  electrically  active  boron  profiles.  For  moderate 
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concentrations  under  thermal  equilibrium  conditions,  the  electrically 
active  Boron  concentration  approaches  the  total  boron  concentration.  In 
contrast,  under  nonequilibrium  thermodynamic  conditions  such  as  at  the 
completion  of  a boron  implant  of  a proton  irradiation  or  before  the  com- 
pletion of  an  anneal,  the  active  boron  concentration  will  differ  sub- 
stantially from  the  total  boron  concentration,  as  we  will  see. 

a . Ordinary  Diffusion 

At  low  concentrations,  the  diffusion  of  impurities  into 
near  intrinsic  silicon  substrates  obeys  Fick's  laws,  hence  the  diffused 
profile  from  a constant  concentration  source  is  represented  by  a comple- 
mentary error  function.  At  high  concentrations,  boron  and  many  Group 
III  and  Group  V impurities  diffuse  abnormally  fast.  This  high  concen- 
tration anomaly  [3-7]  is  depicted  in  Fig.  2;  after  Nicholas  [5].  Another 
anomaly  is  the  effect  of  substrate  background  doping.  If  the  substrate 
is  doped  a-priori  with  arsenic  or  phosphorus,  the  a-posteriori  diffusion 
of  boron  is  greatly  reduced  [6,7],  These  diffusion  anomalies  can  be  rep- 
resented by  the  following  equation,  after  Crowder  et  al  [8]. 

D/Di  = p/p.  (1) 

where  D and  p symbolize  diffusion  coefficient  and  hole  concentration 
respectively,  and  the  subscript  i denotes  intrinsic  condition.  This 
equation  can  be  derived  [8]  assuming  that  the  diffusion  of  boron  is  pro- 
portional to  the  total  vacancy  concentration,  which  is  in  turn  Fermi  level 
dependent.  An  alternate  derivation  by  Anderson  and  Gibbons  [9]  has  also 
been  published  and  is,  in  fact,  consistent  with  the  annealing  model  we 
will  develop  here. 

There  are  other  anomalies,  such  as  the  enhancement  in  dif- 
fusion in  mechanically  polished  substrates  and  diffusion  in  the  presence 
of  oxidation.  These  cases  require  an  alternative  mechanism  to  explain 
the  enhanced  diffusion,  for  instance,  Nicholas  [7]  and  Parker  [10]  pro- 
pose that  vacancies  are  generated  from  the  nonconservative  motion  of  dis- 
location . 
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Fig.  2.  THE  HIGH  CONCENTRATION  ANOMALY —COMPAR- 
ISON OF  EXPERIMENTAL  DIFFUSION  PROFILE  WITH  THE 
CALCULATED  PROFILE  USING  THE  DIFFUSION  COEFFI- 
CIENTS DETERMINED  IN  LOW  CONCENTRATION  EXPERI- 
MENTS, AFTER  NICHOLAS  [7]. 


During  annealing,  the  redistribution  of  boron  is  anomalous. 
At  the  beginning,  the  diffusion  rate  is  high.  However,  as  the  annealing 
proceeds,  the  diffusion  rate  decreases  to  values  obtained  in  ordinary  dif- 
fusion experiments  [2] . The  relative  importance  of  this  transient  effect 
is  shown  in  Table  1,  after  Hofker  et  al  [2].  The  diffusion  coefficients 
in  the  second  and  third  columns  are  obtained  from  curve  fitting  the  exper- 
imental profiles  after  35  min  of  annealing  with  calculated  profiles  orig- 
inated from  the  as-implanted  profiles.  The  values  in  the  fourth  column 
are  obtained  from  fitting  experimental  profiles  at  longer  annealing  times 
with  calculated  profiles  originated  from  annealed  profiles.  Agreement  of 
the  values  in  the  fourth  column  with  the  diffusion  coefficients  in  column 
five,  obtained  in  ordinary  diffusions,  indicate  that,  once  the  ion  im- 
planted impurities  are  on  substitutional  sites,  the  diffusion  mechanism 
is  indistinguishable  from  ordinary  diffusion. 
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Table  1 


A COMPARISON  OF  DIFFUSION  COEFFICIENTS  AT  VARIOUS  TEMPERATURES 
OBTAINED  UNDER  DIFFERENT  CONDITIONS,  AFTER  HOFKER  ET  AL  [21 
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b . Proton  Irradiation 

In  the  preceding  review,  we  have  examined  situations  in 
which  the  boron-silicon  system  is  near  thermal  equilibrium  conditions. 

In  other  words,  equilibrium  has  been  achieved  with  respect  to  tempera- 
ture and  all  possible  chemical  reactions  in  the  system.  We  purposely 
exclude  the  attainment  of  equilibrium  with  respect  to  the  distribution 
of  matter  within  the  system  in  this  definition.  In  what  follows,  we 
turn  the  attention  to  the  perturbation  of  the  equilibrium  condition. 
First,  we  discuss  the  use  of  protons  to  create  an  excess  vacancy  con- 
centration, and  then  we  compare  the  differences  between  a proton  en- 
hanced diffusion  and  the  annealing  problem  with  respect  to  thermal 
equilibrium. 

The  purpose  of  perturbing  a system  at  equilibrium  with  an 
excitation  is  to  observe  the  subsequent  response.  Generally,  a system 
under  perturbed  condition  will  expose  the  driving  forces  that  will  ena- 
ble the  system  to  return  to  equilibrium , hence  elucidating  physical  mech- 
anisms hidden  under  thermal  equilibrium  conditions.  In  the  boron-silicon 
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system,  the  equilibrium  condition  can  be  altered  by  an  excess  vacancy 
concentration  produced  by  proton  irradiation.  Since  the  production  of 
vacancies  that  result  from  collision  is  a complicated  problem,  it  is 
pertinent  to  elaborate  upon  the  conditions  under  which  excess  vacancies 
are  produced.  Obviously,  we  want  to  avoid  producing  severe  damage  to 
the  crystal,  since  in  this  case  the  recovery  of  equilibrium  will  be  a 
much  more  complicated  matter. 

Energetic  light  ions  such  as  protons  or  boron  produce 
diffuse  disorder  clusters.  These  clusters  are  isolated  because,  even 
at  room  temperature,  there  is  a certain  amount  of  annealing  that  pre- 
vent the  overlapping  of  individual  disorder  clusters.  In  contrast,  if 
the  implantation  is  performed  at  liquid  nitrogen  temperature,  then  the 
disorder  clusters  will  overlap  and  an  amorphous  layer  will  form.  This 
is  a direct  consequence  of  the  negligible  annealing  at  low  temperature. 
An  amorphous  layer  is  also  observed  if  the  implanted  ion  is  heavy.  In 
this  case,  even  if  the  implantation  is  carried  out  at  room  temperature 
and  the  implanted  dose  is  moderate,  the  size  of  the  disorder  clusters 
are  so  extended  that  they  will  overlap. 

In  a Proton  Enhanced  Diffusion  (PED) , generally  the  sub- 
strate is  held  at  an  elevated  temperature  and  the  diffusion  occurs  under 
a steady  proton  bombardment.  In  view  of  this  continuous  excitation  and 
the  criterion  of  thermal  equilibrium,  we  can  classify  the  PED  as  a non- 
equilibrium-steady state  problem.  We  shall  see  that  the  annealing  of 
ion-implanted  boron  bears  some  resemblance  and  some  differences  with 
this  case.  As  in  the  proton  case,  vacancies  produced  by  the  light  boron 
damage  give  rise  to  an  initial  nonequilibrium  condition;  and,  in  con- 
trast with  the  PED  case,  the  perturbation  is  not  at  steady  state.  Hence, 
annealing  of  ion-implanted  boron  is  a transient  problem  with  a nonequi- 
librium Initial  condition.  In  this  analysis,  the  simplest  case  is  the 
ordinary  diffusion  occurring  under  thermal  equilibrium,  then  in  increas- 
ing order  of  difficulty:  PED,  a steady  state  nonequilibrium  problem, 
and  finally  the  annealing  of  ion-implanted  Boron,  a transient  problem. 

This  analysis  provides  a natural  way  of  conceiving  how 
the  enhanced  diffusion  at  the  outset  of  the  anneal  can  turn  into  ordi- 
nary diffusion  at  a later  time.  In  this  interpretation,  it  is  simply 
a transient  problem  reducing  to  the  thermal  equilibrium  condition. 
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Furthermore,  it  is  possible  that  ordinary  diffusion,  proton  enhanced 
diffusion,  and  the  annealing  of  boron  are  indeed  the  same  problem  with 
different  excitation  and  initial  condition.  With  this  preliminary  dis- 
cussion, we  turn  the  attention  back  to  the  consequences  of  a perturba- 
tion of  the  boron-silicon  system  at  equilibrium  with  proton  bombardment. 

Fladda  et  al  [11]  have  shown  that  substitutional  boron  in 
a diffused  sample  can  be  rapidly  removed  from  their  lattice  sites  by 
proton  bombardment  at  room  temperature.  This  same  result  can  be  achieved 
if  the  diffused  sample  is  replaced  by  an  ion  implanted  boron  doped  sample 
that  was  fully  annealed.  However,  if  an  unannealed  ion-implanted  sample 

is  used , no  change  in  the  fraction  of  substitutional  boron  can  be  detected 

17  2 

even  for  proton  doses  as  high  as  10  protons/cm  . Similar  results  can 
be  obtained  at  higher  temperatures . Figure  3 shows  profiles  from  a boron 
diffused  sample  irradiated  by  10  KeV  protons  at  550 °C  for  two  hours,  as 
determined  by  SIMS  and  electrical  resistivity  measurement  [12],  The  im- 
purity distribution  is  characterized  by  the  presence  of  a dip  in  the 
electrical  carrier  profile  near  the  proton  range  and  by  some  diffusion 
of  the  tail  of  the  profile.  This  dip  is  not  observed  in  the  total  boron 
concentration.  The  enhanced  diffusion  of  the  tail  is  more  pronounced  at 
higher  temperatures  such  as  850 °C  or  900 °C.  If  the  proton  dose  is  in- 
creased, then  a peak  starts  to  emerge  from  the  bottom  of  the  dip.  This 
peak  is  attributed  [13]  to  pileup  of  immobile  boron  (complexes,  precip- 
itates, dislocation  trapping,  etc.).  To  elucidate  this  issue,  we  analyze 

the  annealing  of  damage  produced  by  the  room  temperature  irradiation  of 
15  2 

a 5 x 10  protons/cm  dose  on  an  annealed  sample.  The  transmission 
electron  micrograph  shows  the  formation  of  lineated  defects,  that  we 
identify  as  dislocation  dipoles  [19]. 

c . Profiling  Measurements 

Figure  4 shows  a collection  of  isochronally  annealed  Boron 
profiles  (35  min)  at  800°C  to  1000°C  and  the  corresponding  electrical 
carrier  profiles  for  implantation  doses*  of  1014  to  lO1^  ions/cm2,  after 

♦ 

The  calculation  based  on  the  integration  of  the  SIMS  profiles  shows  that 
the  actual  implanted  doses  are  ~ 30$,  ~ 16$,  and  30$  higher  than  the 
nominal  doses  of  10^-^,  lO^-®,  and  10*®  ions/cm^. 
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Fig.  3.  A COMPARISON  OF  TOTAL  BORON  PROFILED 
DETERMINED  EXPERIMENTS  USING  SIMS  WITH  THE 
ELECTRICAL  CARRIER  PROFILE  THAT  RESULT  AFTER 
TWO  HOURS  OF  IRRADIATION  WITH  10  KeV  PROTON, 
AFTER  ANDERSON  ET  AL  [12]. 


Hofker  et  al  [2,14].  Figure  5 displays  the  juxtaposition  of  the  annealed 
profiles  with  the  as-implanted  boron  profiles  for  each  dose,  permitting 
the  comparison  of  the  profiles  as  the  annealing  temperature  is  varied 
(after  Hofker  et  al). 

Inspection  of  these  figures  indicates  that: 

(1)  100$  electrical  activity  is  attained  after  35  minutes  of 

annealing  a temperature  of  900 °C  or  higher  and  for  im- 
planted doses  of  1015  ions/cm1 2  or  lower. 
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g.  4.  CONCENTRATION  PROFILE  OF  BORON  AND  THE  CORRESPONDING  CHARGE  CARRIER  PROFILES  OBTAINED  AFTER 
ANNEALING  AT  DIFFERENT  TEMPERATURES  FOR  35  MIN,  AFTER  HOFKER  ET  AL  [14]. 


Fig.  5.  CONCENTRATION  PROFILES  OF  A BORON  IMPLAN- 
TATION WITH  A DOSE  OF  (a)  1014  IONS/CM2 , (b)  1015 
IONS /CM2,  (c)  1016  IONS /CM2,  AND  AT  AN  ENERGY  OF 
70  KeV  BEFORE  AND  AFTER  ANNEALING  (ANNEALING  DU- 
RATION: 35  MIN);  AFTER  HOFKER  ET  AL  [2], 


14 


(2)  In  the  10  ions/cm  cases,  the  boron  peak  concentration 
exceeds  solid  solubility.  Therefore,  there  will  be  pre- 
cipitation of  boron. 

(3)  In  the  lower  dose  cases,  when  the  anneal  is  carried  out 
at  800°C,  there  is  a fraction  of  boron  that  is  electri- 
cally inactive  and  does  not  diffuse,  hence  similar  to  a 
precipitate.  However,  the  boron  concentration  is  below 
the  solid  solubility  limit  for  these  cases. 

2 . Experiments  on  the  Lattice  Location  of  Boron 

The  techniques  used  in  the  experiments  that  we  will  review  are 
really  indirect  measurements  that  permit  the  inference  that  a fraction 
of  boron  is  on  substitutional  sites.  For  instance,  the  carriers  observed 
in  an  electrical  resistance  measurement  are  assumed  to  arise  from  the 
ionization  of  impurity  atoms  located  on  substitutional  sites.  However, 
substitutionality  can  also  be  measured  independently  by  the  channeling 
technique . 

This  method  is  based  on  the  interactions  of  a low  dose  proton 
or  Helium  ion  beam  with  the  crystal  lattice.  This  choice  of  ions  is  im- 
portant because  light  mass  ions  at  low  doses  produce  negligible  damage 
to  the  crystal.  As  a result,  the  probing  ion  will  contribute  with  lit- 
tle error  to  the  measurement.  The  quantitative  measurement  is  based  on 
the  detection  of  backscattered  ions  with  a solid  state  detector.  These 
backscattered  ions  ar©  the  result  of  wide  angle  collisions  of  the  light 
incident  ions  with  heavier  atoms  in  the  substrate.  During  the  measure- 
ment, the  incident  beam  is  directed  along  the  channels  of  the  crystal, 
hence  the  interactions  with  the  substrate  come  primarily  from  (low  im- 
pact parameter)  collisions  with  off-lattice-site  atoms  (nonsubstitutional 
atoms).  The  calculation  of  the  fraction  of  nonsubstitutional  atoms  is 
based  on  the  comparison  of  the  detector  yield  under  channelled  condition 
with  the  random  yield,  when  the  crystal  is  oriented  randomly  with  respect 
to  the  incident  beam.  The  substitutional  fraction  of  atoms  is  the  com- 
plementary fraction  to  unity.  There  are  complicating  factors  that  make 
the  interpretation  more  difficult.  For  instance,  the  presence  of  lattice 
damage  and  flux  peaking  effects  [15]  can  result  in  errors  that  are  sig- 
nificant . 
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Channeling  Experiments 


Figure  6a  shows  the  results  of  a channeling  experiment  by 
North  and  Gibson  [16]  on  the  lattice  location  of  ion  implanted  boron  in 
silicon.  They  determined  that  upon  isochronal  annealing  at  a sequence 
of  monotonically  increasing  temperatures,  the  substitutional  fraction  of 
boron  decreases  first  to  a small  fraction  at  temperatures  between  500°C 
and  700 °C  and  then  it  increases  smoothly  to  near  90^,  at  higher  anneal- 
ing temperatures  . Also,  in  Fig . 6a  the  fraction  of  substitutional  boron 
can  be  compared  with  the  percentage  of  electrical  carriers  produced  by 
the  implanted  impurity  dose.  The  agreement  between  the  two  curves  is 
excellent  above  700 °C.  The  difference  at  lower  temperatures  is  attrib- 
uted by  the  authors  to  the  compensation  effect  of  intrinsic  damage  pro- 
duced by  the  implantation.  Although  such  an  explanation  is  reasonable 
and  transmission  electron  micrographs  on  samples  of  equivalent  prepara- 
tion do  show  [17]  the  presence  of  a high  concentration  of  vacancy  clust- 
ers and  dislocation  loops,  there  is  perhaps  insufficient  attention  given 
to  the  consequences  of  dechanneling  of  the  probing  beam  by  said  defects. 
Certainly,  a correction  of  the  data  to  include  this  effect  will  result 
in  a lower  fraction  of  substitutional  boron  in  this  region. 

Basically,  this  experiment  indicates  that  annealing  pro- 
ceeds with  the  conversion  of  nonsubstitutional , electrically  inactive 
boron  into  Boron  that  is  electrically  active  and  located  on  substitu- 
tional sites.  A more  detailed  inspection  of  Fig.  6a  reveals  that  between 
500°C  and  700°C  the  electrical  activity  as  well  as  the  concentration  of 
substitutional  boron  decreases  to  a minimum.  This  phenomenon  is  known 
as  negative  or  reverse  annealing,  and  occurs  near  the  recrystal izat ion 

temperature  of  Silicon  for  boron  implanted  in  the  dose  range  of  10^  to 
15  2 

10  ions/cm  . Transmission  Electron  Microscopy  (TEM)  work  by  Bicknell 
[17]  indicates  that  negative  annealing  is  accompanied  by  the  formation 
of  lineated  defects. 

The  effect  of  an  increase  in  dose  is  a decrease  in  the 
fraction  of  substitutional  boron  and  a lower  initial  electrical  activ- 
ity. This  result  is  depicted  in  Fig.  6b  after  Fladda  et  al  [11]  and  in 
Fig.  6c  after  Seidel  and  McRae  [18]. 
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COMPARISON  with  HALL  MEASUREMENTS 

a.  Hie  percentage  of  the  boron  atoms  which 
occupy  substitutional  lattice  sites  as 
a fvinction  of  annealing  temperature. 
Also  shown  is  the  carrier  concentration 
expressed  ns  a percentage  of  the  maximum 
number  of  observed  carriers  determined 
from  Hall  measurements  on  a sample  im- 
planted to  a Hucnce  of  2 X 10^'Vcm^. 
After  North  and  Gibson  [15]. 
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b.  Anneal  behavior  of  56-keV  room-tempera- 
ture boron  implants  in  silicon.  The 
variation  of  the  substitutional  concen- 
tration with  anneal  temperature  is  shown 
for  three  different  boron  doses:  • 1.2x 
10*5  ions/cm^,  A 4.6  XlO^  ions/cm^,  and 
■ 1.1  X 10^4  ions/cm^.  At  a few  selected 
temperatures,  the  substitutional  concen- 
tration is  also  given  in  percent  of  the 
implanted  dose.  After  Fladda  et  al  [11] 


c.  Isochronal  data  in  reduced  form. 
The  ratio  of  the  free  carrier 
content  from  Hall  measurements 
to  the  dose  is  plotted  against 
the  annealing  temperature  for 
three  doses.  The  maximum  free 
carrier  content  is  nearly  renal 
to  the  measured  dose  pm  ft. 
After  Seidel  and  MacRao  [18]. 


Fig.  6.  EFFECT  OF  DOSE 
ON  THE  FRACTION  OF  ION 
IMPLANTED  BORON  ON  SUB- 
STITUTIONAL LOCATION 
DURING  ANNEALING. 
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3. 


Transmission  Electron  Microscopy 


The  interpretation  of  transmission  electron  micrographs  is  a 
very  sophisticated  topic.  A thumbnail  sketch  shows  two  types  of 
experimentally  observed  patterns.  A DIFFRACTION  PATTERN  is  formed  by 
projecting  all  the  electrons  that  emerge  from  the  sample  onto  the  ob- 
servation screen,  analogous  to  the  low  power  magnification  case  in  a 
light  microscope.  The  observed  pattern  consists  of  a central  spot  and 
a series  of  secondary  spots  and/or  rings  depending  on  whether  the  sub- 
strate is  still  crystalline  or  amorphous . These  structures  are  a con- 
sequence of  the  existence  of  or  the  lack  of  periodicity  in  the  arrange- 
ment of  the  atoms  and  _he  constructive  and  destructive  interference  of 
the  electron  diffraction  patterns  from  the  individual  atoms  on  the  ob- 
servation screen.  The  other  type  of  pattern  is  the  DARK  or  BRIGHT  FIELD 
MICROGRAPH  which  is  obtained  by  permitting  only  those  electrons  that 
form  a selected  dark  or  bright  area  of  the  DIFFRACTION  pattern  to  reach 
the  observation  screen.  TEM  is  an  effective  technique  for  the  study  of 
implantation  damage  and  the  annealing  behavior.  Bicknell  f 1 7 1 corre- 
lated the  damage  with  electrical  activity  resulting  from  a succession 
of  30  minute  isochronal  anneals  at  temperatures  between  300 °C  and  1100 °C. 
Naturally,  the  electrical  activity  result  follows  the  behavior  described 
previously,  namely,  a general  increase  in  electrica 1 act ivity  interrupted 
by  reverse  annealing  between  500 °C  to  600°C,  the  temperature  range  over 
which  amorphous  silicon  recrystal izes . Although  no  amorphous  layer  is 
produced  in  this  experiment,  severe  migration  and  reordering  of  implan- 
tation induced  defects  occur.  This  is  indicated  by  the  rapid  growth  of 
lineated  defects  in  the  micrographs.  Bicknell  interpreted  negative  an- 
nealing as  precipitation  of  boron  and  the  lineated  defect  as  a product 
of  the  precipitation.  Further  annealing  at  higher  temperature  show  the 
disappearance  of  lineated  defects  and  the  emergence  of  loop  defects.  At 
even  higher  temperatures,  these  loops  grow  in  size  and  decrease  in  num- 
ber. Figure  7,  after  Bicknell,  shows  a schematic  summary  of  the  result 
and  the  interpretation.  As  mentioned  previously,  we  are  interested  in 
the  correlation  of  implantation  damage  with  electrical  activity  in  an 
isothermal  anneal.  Tn  particular,  we  speculate  whether  the  lineated 
defects  will  be  present  in  isothermal  annealing  at  800°C  and  900°C  for 
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length  of  time  consistent  with  the  electrical  activation  of  boron.  Next, 
we  will  present  the  isothermal  annealing  results. 

a . The  Isothermal  Annealing  of  Implantation  Damage 

Representative  bright  field  transmission  electron  micro- 
graphs obtained  on  isothermally  annealed  samples  at  800°C  and  900°C  are 

shown  in  Figs.  8 and  9.  The  samples  were  implanted  with  70  keV  boron 
14  15  ,2 

to  doses  of  10  and  10  ions/cm  . These  implantation  and  annealing 

conditions  are  identical  to  those  of  Hofker  et  al  [2,14]  and  close  to 

those  of  Seidel  and  MacRae  [18].  Consequently,  the  present  TEM  study 

[19]  can  be  correlated  with  the  electrical  activation  and  profiling  work 

by  the  previously  cited  authors.  We  can  identify  two  distinct  damage 

annealing  stages  in  the  800°C  isothermal  anneals.  The  first  stage  is 

characterized  by  the  appearance  of  a high  concentration  of  150  to  200  A 

diameter  vacancy  dislocation  loops  inclined  to  the  (100)  plane,  as  shown 

in  Figs.  8b  and  9b,  at  5 minutes.  The  maximum  loop  density  occurs  at  a 

depth  of  approximately  1800  A,  in  agreement  with  calculations  of  the  lo- 

19  20 

cation  of  the  primary  loops  is  estimated  to  be  approximately  10  and  10 
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g.  8.  TRANSMISSION  ELECTRON  MICROGRAPHS  OF  70  keV  BORON  IMPLANTED  INTO  100  SILICON  AND  SUBSEQUENTLY 
ANNEALED  FOR  5,  10,  15,  AND  35  MIN  AT  (a)  900°C  AND  (b)  800°C;  IMPLANTED  DOSE  = 1014  IONS/CM2. 


vj 

g.  9.  TRANSMISSION  ELECTRON  MICROGRAPHS  OF  70  keV  BORON  IMPLANTED  INTO  100  SILICON  AND  SUBSEQUENTLY  AN 
NEALED  FOR  5,  10,  15,  AND  35  MIN  AT  (a)  900 °C  AND  (b)  800 °C;  IMPLANTED  DOSE  = 1015  IONS /CM2 . 


, 3 14  15  .2 

vacancies/cm  for  implantation  doses  of  10  and  10  ions/cm  , respec- 
tively. These  figures  are  about  an  order  of  magnitude  lower  than  the 
concentration  of  Frenkel  Pairs,  computed  from  the  distribution  of  energy 
deposited  by  the  implanted  boron  into  atomic  processes.  A fraction  of 
this  difference  can  be  attributed  to  the  recombination  of  vacancies  and 
silicon  interstitials.  Since  both  calculations  in  this  comparison  are 
subject  to  some  error,  we  consider  that  the  figures  are  in  reasonable 
agreement . These  bound  vacancies  are  released  upon  annihilation  of  the 
primary  loops  between  5 and  10  minutes  of  annealing. 

The  second  stage  of  damage  annealing  appears  within  10 
minutes  of  annealing.  It  is  characterized  by  the  emergence  of  lineated 
defects  that  are  distributed  about  a position  deeper  than  the  primary 
damage  peak  and  coincident  with  the  boron  range,  in  agreement  with  Pe- 
lous  et  al  [20] . The  presence  of  lineated  structures  in  boron  implanted 
into  silicon  has  been  reported  by  a number  of  authors  [21-24].  Previ- 
ously, they  have  been  identified  as  rod  shaped  defects  or  boron  precip- 
itates in  conflict  with  the  solid  solubility  limit.  We  interpret  the 
observed  contrast  of  these  defects  to  be  due  to  dislocation  dipoles 
[25]  and  support  Pelous's  [20]  suggestion  that  the  pinning  of  boron  by 
long  range  interactions  between  boron  and  secondary  line  defects  is  a 
likely  possibility.  The  comparison  of  total  boron  concentration  and 
electrical  carrier  concentration  profiles  for  35  minutes  of  annealing 
at  800°C  does  indicate  that  the  entire  inactive  fraction  of  boron  is 
immobile.  If  we  associate  this  fraction  of  immobile  boron  with  the 

dislocation  dipoles*  in  Figs.  8b  and  9b  at  35  minutes,  a simple  calcu- 

4 

lation  involving  defect  density  shows  that  there  are  approximately  10 
pinned  boron  atoms  per  dislocation  dipole.  Proceeding  with  this  inter- 
pretation, we  reason  that  the  electrical  activation  of  boron  at  800°C 
is  controlled  by  the  annealing  of  dislocation  dipoles.  The  900 °C  an- 
nealing results  indicate  that,  as  annealing  time  Increases,  the  dislo- 
cation line  density  decreases  and  dissociation  of  dipoles  occur,  terge 
secondary  loops  have  been  shown  to  originate  from  d ipoles , as  illustrated 


The  residual  damage  other  than  dislocation  dipoles  in  Fig.  2b  does  not 
retain  boron,  as  inferred  by  their  presence  at  900 °C  35  min  100$  elect. 
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(circled  region  in  Fig.  9a).  Many  of  the  secondary  loops,  dislocation 
ring  structures,  and  arrays  remain  in  the  lattice  as  residual  damage 
after  35  minutes.  At  this  time,  the  electrical  activity  is  near  100$, 
therefore,  this  residual  damage  does  not  trap  boron.  Presumably,  at 
900 °C,  the  two  stages  of  annealing  apparent  in  the  800 °C  cases  occurred 
at  earlier  points  in  time. 

The  experimental  evidence  on  hand  does  not  permit  a de- 
tailed explanation  on  the  exact  nature  of  how  these  dislocation  dipoles 
trap  boron  atoms.  There  are,  however,  strong  indications  that  the  for- 
mation of  dislocation  dipoles  require  the  presence  of  both  a high  con- 
centration of  Boron  and  a high  concentration  of  vacancies.  For  instance, 
the  existence  of  dislocation  dipoles  in  high  concentration  diffusions 
N6]  indicates  that  the  formation  mechanism  requires  a boron  concentra- 
tion above  a certain  level.  We  can  also  infer  that,  in  addition  to  the 
boron,  a large  concentration  of  vacancies  is  required  to  form  the  dis- 
location dipoles.  This  deduction  follows  from  the  observation  that  the 
dislocation  dipole  density  is  much  higher  in  the  implanted  case  than  in 
the  diffused  case.  To  give  further  support  to  this  point,  we  recourse 
to  a micrograph  in  which  various  dislocation  dipoles  are  emerging,  each 
one  from  a vacancy  cluster.  Furthermore,  we  performed  [19]  another  ir- 
radiation experiment  in  which  an  annealed  ion  implanted  sample  was  sub- 
sequently irradiated  with  protons  followed  by  a short  10  minute  anneal 
at  800°C.  The  transmission  electron  micrograph  of  this  sample  shows 
that,  prior  to  the  proton  bombardment,  as  described  previously,  dislo- 
cation dipoles  formed  and  annealed  out  at  900°C.  After  the  5 x 10^** 

2 

protons/cm  bombardment  at  room  temperature,  the  micrograph  shows  that 
dislocation  dipoles  were  formed  again,  presumably  when  the  vacancy  con- 
centration was  greatly  increased  by  the  proton  irradiation. 

Given  the  number  of  boron  atoms  to  be  associated  with  a 

4 

dislocation  dipole  (approximately  10  boron/dd),  we  visualize  the  impur- 
ities as  being  located  in  a cloud  imbedded  in  the  strain  field  of  the 
dislocation  dipole.  Upon  annealing,  the  dislocation  dipoles  dissociate, 
releasing  the  boron  atoms.  As  mentioned  in  a previous  section,  as  an- 
nealing proceeds,  some  dislocation  dipoles  produce  secondary  defect  loops 
and  the  residual  damage  that  remains  in  the  crystal  is  ineffective  for 
trapping  boron  atoms. 
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c. 


The  Annealing  Model 


In  the  preceding  section,  we  reviewed  a group  of  experiments  that 
encompassed  electrical  behavior  and  redistribution  of  boron  under  condi- 
tions of  ordinary  diffusion,  proton  irradiation,  and  boron  introduced  in 
the  substrate  by  ion  Implantation.  Before  we  develop  our  annealing  model, 
it  is  pertinent  to  highlight  some  of  the  models  proposed  to  explain  some 
of  these  experiments . 

As  mentioned  previously,  there  is  not  an  unanimous  agreement  on  the 
nature  of  the  diffusion  of  boron  in  silicon.  Details  of  this  intersti- 
tial-vacancy-controversy are  well  documented  in  the  literature.  Some 
arguments  in  favor  of  an  interstitial  mechanism  can  be  found  in  an  excel- 
lent review  article  by  Seeger  and  Chick  [27] , and  numerous  quantitative 
models  based  on  the  monovacancy  mechanism  extended  to  cover  different 
diffusion  anomalies  are  available  [28-30].  Basically,  a monovacancy 
mechanism  is  a single  stream  diffusion  model  where  the  impurity  diffu- 
sion coefficient  is  linearly  dependent  upon  the  total  vacancy  concentra- 
tion. Therefore,  substitution  of  the  expression  for  the  variation  of 
the  positive  vacancy  concentration  with  the  Fermi  level  in  the  bandgap 
by  Longini  and  Green  [31]  yield  an  impurity  diffusion  coefficient 
dependent  on  the  Fermi  level,  hence  on  the  impurity  concentration  and/or 
substrate  doping. 

Also  based  on  vacancies  but  in  a different  manner,  recently  Ander- 
son and  Gibbons  [9]  proposed  a two  stream  model  for  the  diffusion  of 
boron  in  silicon.  The  two  species  are:  substitutional  boron  and  boron 
vacancy  pair. 

In  this  formulation,  the  diffusion  of  boron  is  a weighted  process 
with  contributions  from  a slow  and  a fast  diffusing  species,  substitu- 
tional boron  and  boron  vacancy  pair,  respectively.  And,  the  charged 
monovacancies  come  into  play  through  the  following  chemical  reaction: 

B~  + V+  = B~V+  (2) 

For  instance,  an  increase  in  the  positive  vacancy  concentration  with  the 
position  of  the  Fermi  level  approaching  to  the  valence  band  edge  manifest 
as  a shift  of  the  reaction  to  the  right,  hence  increasing  the  population 
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of  BV-pairs,  the  fast  diffusant.  This  Increase,  in  turn,  causes  an  in- 
crease in  the  overall  diffusion.  As  we  can  see,  this  approach  can  also 
predict  the  doping  anomalies,  and  it  is  possible  to  derive  from  this  for- 
mulation the  basic  expression  in  Eq . (1): 

D/Di  = P/Pi 

This  two  stream  diffusion  model  has  also  been  shown  to  give  reasonable 
predictions  of  proton  enhanced  diffusion.  This  result  is  important  for 
two  reasons.  First,  one  would  expect  that  a realistic  model  should  ap- 
ply to  both  ordinary  diffusion  and  proton  enhanced  diffusion.  Second, 
because  there  are  many  similarities  between  the  PED  case  and  the  anneal- 
ing problem,  that  it  is  likely  that  the  basic  two  stream  approach  may  be 
applicable  to  the  annealing  behavior  of  ion-implanted  boron. 

We  should  also  mention  at  this  point  that  Baruch  et  al  [32]  proposed 
an  interstitial  counterpart  of  the  two  stream  diffusion  model  for  the 
prediction  of  proton  enhanced  diffusion.  For  ordinary  diffusion,  they 
propose  a shift  from  the  interstitial  diffusion  mechanism  to  a vacancy 
mechanism.  Thus  far,  maybe  all  three  approaches  appear  to  be  nearly 
equivalent,  however,  when  we  examine  them  in  regard  to  the  ion-implanta- 
tion related  experiments,  it  will  be  apparent  that  extending  the  basic 
two  stream  model  with  boron  vacancy  pairs  to  include  positive  vacancies 
may  result  in  an  annealing  model  capable  of  predicting  the  diffusive  re- 
distribution of  boron  during  annealing. 

1 . Choice  of  Diffusion  Model 

The  single  species  approach  is  incapable  of  accounting  for  both 
the  substitutional  and  nonsubstitutional  form  of  boron.  In  the  two 
stream  diffusion  approach,  the  BV-pair  or  boron  interstitial  are  natu- 
rally associated  with  the  nonsubstitutional  boron.  However,  internal 
friction  [331  and  photoconductivity  experiments  [34]  have  indicated  that 
boron  interstitials  anneal  out  near  300 °C;  therefore,  it  is  unlikely  that 
they  are  present  at  600 °C.  Recently,  Watkins  [35]  reported  the  experi- 
mental evidence  of  an  Electron  Paramagnetic  Resonance  (EPR)  peak  that  he 
tentatively  identified  as  related  to  BV-pairs.  However,  in  his  experi- 
ments, this  peak  is  only  stable  up  to  260 °K. 
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We  are  faced  with  a difficult  decision.  Until  more  evidence 
on  the  stability  and  positive  identification  of  the  BV-pair  is  availa- 
ble, we  proceed  with  the  examination  of  the  boron-BV-pair  two  stream 
diffusion  models  extended  to  include  the  diffusion  of  vacancies.  This 
extension  is  necessary  because,  in  general,  the  migration  of  vacancies 
during  annealing  cannot  be  safely  neglected.  In  this  three-stream 
diffusion  model,  the  electrical  activity  becomes  the  ratio  of  substitu- 
tional boron  to  the  sum  of  BV-pairs  and  B substitutional.  The  stoichi- 
ometry of  the  reaction,  namely,  one  substitutional  to  boron  and  one 
vacancy  to  form  one  BV-pair  can  correspond  to  the  fixed  proportion  of 
boron  removed  from  substitutional  sites  per  unit  dose  of  proton  irradi- 
ation in  the  experiments  by  Fladda  et  al  [11].  Furthermore,  let  us  ex- 
amine qualitatively  if  the  diffusion  attributes  of  the  substitutional 
boron  and  BV-pair  are  consistent  with  the  redistribution  of  ion-implanted 
boron  during  annealing.  The  small  fraction  of  substitutional  boron  at 
the  outset  of  the  anneal  implies  a large  fraction  of  BV-pairs,  the  fast 
diffusant.  Annealing  proceeds  then  with  the  conversion  of  nonsubstitu- 
tional  boron  or  BV-pairs  into  substitutional  boron  as  indicated  by  the 
experiments  on  the  lattice  location  of  boron.  Therefore,  the  redistri- 
bution during  annealing  is  characterized  by  an  initial  fast  diffusion 
caused  by  a large  fraction  of  BV-pairs  reducing  gradually  to  a slow  dif- 
fusion when  the  population  of  substitutional  boron  predominates.  This 
prediction  is  in  agreement  with  the  anomalous  transient  diffusion  ob- 
served in  annealing  experiments.  Qualitatively,  there  is  an  obvious 
relation  between  the  overall  diffusion  coefficient  and  the  electrical 
activity.  Furthermore,  if  the  chemical  reaction  in  Eq . (2)  is  the  dom- 
inant annealing  mechanism,  then  it  is  possible  to  relate  the  lifetime 
of  the  BV-pairs  to  the  annealing  time  at  a particular  temperature.  This 
is  the  kind  of  reasoning  that  we  use  to  determine  the  values  of  the  pa- 
rameters in  the  model  ; some  of  them  not  determined  previously,  others  we 
will  obtain  by  alternative  means. 

In  summary,  the  three  stream  diffusion  model  appears  to  contain 
the  global  features  for  explaining  the  annealing  behavior  of  ion  im- 
planted boron  into  silicon.  We  shall  see  later  that  it  will  be  necessary 
to  extend  this  model  to  include  other  forms  of  nonsubstitutional  boron 
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In  order  to  predict  the  annealing  behavior  under  all  the  annealing  tem- 
perature and  implantation  dose  ranges  that  we  are  interested  in. 


2 . The  Immobile  and  Nonsubstitutional  Boron 

A comparison  of  the  electrical  carrier  concentration  profiles 
and  the  total  boron  profiles  for  various  implantation  doses  and  anneal- 
ing temperatures  is  depicted  in  Fig.  4.  It  is  apparent  from  the  inspec- 
tion of  these  cases  that,  in  the  high  dose  and/or  low  annealing  tempera- 
ture cases,  there  is  a fraction  of  electrically  active  boron  that  is 

IMMOBILE.  This  new  fraction  is  present  near  the  peak  of  the  boron 

16  2 

profile.  In  the  high  dose,  10  ions/cm  cases,  the  boron  peak  exceeds 
the  solid  solubility  limit;  therefore,  the  immobile  boron  is  a precipi- 
tate. However,  in  the  moderate  dose  cases,  the  peak  boron  concentration 
does  not  exceed  the  solid  solubility  limit;  hence,  this  immobile  boron 
is  not  a precipitate  in  the  conventional  sense.  We  propose  that  this 
immobile  boron  consists  of  boron  atoms  trapped  by  dislocation  dipoles 
that  form  during  the  annealing. 


D.  Development  of  the  Model 

In  the  preceding  sections,  we  reviewed  a group  of  experiments  re- 
lated to  ion-implantation  and  our  interpretation  of  those  experiments. 

In  this  section,  we  will  use  the  four  species  inferred  previously  (sub- 
stitutional boron,  boron-vacancy  pairs,  positive  vacancies , and  immobile 
boron)  to  formulate  a model  capable  of  describing  the  overall  annealing 
behavior  of  boron  implanted  into  silicon  at  room  temperature.  Specifi- 
cally, we  wish  to  explain  the  redistribution  and  the  electrical  activa- 
tion of  the  implanted  boron.  In  the  course  of  this  discussion,  the  key 
attributes  in  the  annealing  will  be  apparent  and  the  global  features 
that  result,  when  the  implantation  dose  and  anneal  temperature  are  var- 
ied, will  also  follow  naturally. 

The  cases  to  be  studied  are  shown  schematically  in  Table  2.  In  the 

14 

horizontal  direction,  we  show  boron  implantation  doses  varying  from  10 
16  2 

to  10  ions/cm  . For  a 70  keV  boron  implant,  this  dose  range  will  lead 

19  21  3 

to  peak  concentrations  between  10  to  10  atoms/cm  . In  the  vertical 
direction,  we  show  annealing  temperature  ranging  between  800°C  to  1000°C. 
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When  the  annealing  is  performed  isochronally  for  35  min,  in  this  range 
of  temperatures  the  electrical  activity  (at  the  completion  of  the  an- 
neal) will  vary  from  a small  fraction  to  near  100$,  depending  on  the 
particular  implantation  dose  and  annealing  temperature . In  other  words, 
the  ratio  of  implanted  boron  that  contribute  electrical  carriers  (holes) 
to  the  totality  of  implanted  boron  ions  is  a function  of  implantation 
dose,  annealing  temperature,  and  time.  The  understanding  of  these  re- 
lationships is  one  of  our  principal  objectives. 

This  collection  of  implantation  doses  and  annealing  temperatures 
illustrated  in  Table  2 covers  a very  wide  range  of  conditions.  For  in- 
stance, most  applications  of  ion  implantation  in  device  fabrication  are 
performed  under  conditions  represented  in  the  lower  left-hand  corner  of 
this  table.  These  cases  are  very  relevant  because  the  electrical  activ- 
ities approach  to  near  100$  after  35  minutes  of  annealing.  Among  the 
remaining  cases  in  this  table,  we  can  distinguish  two  groups.  The  first 
group  is  composed  of  high  dose  implants  represented  by  the  right-hand 
column  of  the  table.  In  these  cases,  the  peak  impurity  concentration 
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produced  by  the  10  lons/cm  doses  exceed  the  solid  solubility  limit  at 
all  the  annealing  temperatures  in  the  table.  Therefore,  boron  will  pre- 
cipitate. And,  the  precipitated  phase  is  characteristic  of  the  high  dose 
implantation  cases.  The  remaining  cases  are  represented  in  the  upper 
left-hand  corner  of  the  table  and  they  are  characterized  by  the  trapping 
of  boron  atoms  by  dislocation  dipoles  that  form  during  the  early  stages 
of  annealing.  At  800°C,  these  dislocation  dipoles  do  not  anneal  out 
completely  in  35  minutes.  Therefore,  they  are  incapable  of  releasing 
the  boron  atoms  trapped  in  the  associated  strain  fields. 

These  three  groups  have  distinct  characteristics  that  will  manifest 
in  the  electrical  activation  as  well  as  in  the  redistribution  of  the  im- 
planted boron.  In  the  discussions  that  will  follow,  we  will  select  can- 
onical cases  representative  of  each  of  the  aforementioned  groups.  Our 
exposition  will  concentrate  on  each  of  the  three  canonical  cases  and 
on  the  global  features  in  the  anneal  when  implantation  dose  and  anneal- 
ing temperature  are  varied  . 

1 . The  Typical  Annealing  Cases 

14  2 

We  first  examine  the  10  ions/cm  dose,  70  keV  boron  implant 
annealed  at  900 °C  for  35  minutes.  This  is  a relatively  simple  case.  In 
the  insert  in  Fig.  10a,  we  depict  the  silicon  surface  coincident  with 
the  origin  of  the  horizontal  axis  representing  depth  in  tenth  of  microns 
into  the  substrate  material.  The  70  keV  boron  beam  is  directed  toward 
the  surface  from  left  to  right.  As  these  energetic  ions  penetrate  the 
target,  their  stopping  in  the  substrate  is  produced  by  collisions  with 
electrons  and  host  atoms.  In  this  process,  some  collisions  are  suffi- 
ciently energetic  that  host  atoms  are  displaced  from  their  lattice  sites 
leaving  vacancies  behind  ; the  displaced  atoms  may  in  turn  displace  other 
atoms.  This  process  leaves  a disorder  cluster  around  the  ion  track.  The 
insert  In  Fig.  10a  represents  one  disorder  cluster.  Since  this  collision 
process  is  random  in  nature,  not  all  the  implanted  boron  ions  will  stop 
at  the  same  depth.  Instead,  the  ions  will  come  to  rest  at  different 
depths  with  different  probabilities.  Thus,  after  the  implant,  the  dis- 
tribution of  implanted  ions  is  represented  by  the  impurity  concentration 

18  2 

profile  shown  in  Fig.  10a.  The  peak  concentration  is  8 x 10  atoms/cm 
14  2 

for  the  10  ions/cm  dose  implant  in  this  example. 
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Fig.  10.  THE  ELECTRICAL  ACTIVATION  AND  REDISTRIBUTION 
BEHAVIOR  OF  BORON  IN  TYPICAL  ANNEALING  CASES . 


The  process  we  .just  described  is  far  away  from  thermal  equi- 
librium. Therefore,  only  a small  fraction  of  boron  atoms  will  be  located 
on  substitutional  sites,  a larger  fraction  will  be  on  interstitial  sites, 
and  other  boron  atoms  will  form  complexes  with  simple  defects,  i.e.,  va- 
cancies and  silicon  interstitials.  Consequently,  the  electrical  activity 
at  the  completion  of  the  implant  is  far  below  what  one  would  expect  from 
the  implanted  dose.  This  situation  is  depicted  in  Fig.  10b  at  the  origin 
of  the  time  axis,  in  the  horizontal  direction.  The  electrical  activity 
is  represented  on  the  vertical  axis.  At  any  instant  in  time,  the  frac- 
tion of  boron  that  contributes  to  electrical  carriers  is  represented  by 
the  ordinate  of  the  electrical  activity  curve.  On  the  other  hand,  the 
nonelectrically  active  boron  is  represented  above  the  curve  by  the  dis- 
tance between  the  100^  activity  line  and  the  ordinate  of  the  curve. 
Therefore,  we  can  also  interpret  Fig.  10b  as  a bar  graph  describing  the 
relative  concentrations  of  active  and  inactive  boron.  In  general,  the 
nonelectrically-active  boron  need  not  be  in  a single  form;  however,  in 
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this  particular  case,  it  does  appear  that  all  the  inactive  boron  is  in 
the  form  of  boron-vacancy  pairs.  During  annealing,  as  we  can  appreciate 
from  observing  the  monotonic  nature  of  the  electrical  activity  versus 
time  curve,  it  is  possible  to  relocate  the  nonactive  boron  on  substitu- 
tional sites,  hence  increasing  the  electrical  activity  to  near  100$  in 
35  min.  During  annealing,  a succession  of  events  take  place:  there  is 
annihilation  of  vacancies  by  interstitials,  annealing  of  divacancies, 
formation  of  vacancy  clusters  and  vacancy  dislocation  loops  as  a means 
of  releasing  stress  created  by  the  vacancy  clusters  in  the  crystal  lat- 
tice, and,  most  importantly,  there  is  relocation  of  inactive  boron  on 
substitutional  sites  accompanied  by  redistribution.  This  conversion  of 
electrically  inactive  boron  to  electrically  active  boron  is  represented 
in  Fig.  10b  by  the  arrow  crossing  the  electrical  activity  curve  which  is 
the  boundary  between  the  two  forms  of  boron.  As  the  annealing  proceeds, 
the  fraction  of  electrically  active  boron  increases  gradually  while  the 
impurity  atoms  diffuse  in  the  crystalline  substrate.  Finally,  at  the  end 
of  the  35  min,  we  find  that  the  implanted  distribution  has  displaced  sig- 
nificantly and  it  is  now  represented  by  the  deeper  boron  profile  in  Fig. 
10a.  An  attempt  to  predict  this  diffusive  redistribution  would  be  to 

take  the  diffusion  coefficient  of  boron  in  silicon  at  the  annealing  tem- 

-15  2 

perature  of  900 °C,  which  is  1.4  10  cm  /sec,  and  use  this  number  to 

* 

calculate  where  the  implahted  profile  will  diffuse  to  after  35  minutes 
have  elapsed.  This  calculation  shows  that  the  profile  would  move  only 
very  slightly.  Hofker  et  A1  [21  show  that,  in  order  to  fit  the  experi- 
mental profile  obtained  after  the  annealing,  the  diffusion  coefficient 

-14  2 

in  the  aforementioned  calculation  has  to  be  increased  to  1.7  10  cm  / 
sec,  which  is  one  order  of  magnitude  higher  than  the  ordinary  diffusion 
rate.  These  calculations  clearly  indicate  the  presence  of  enhanced  dif- 
fusion during  annealing.  Further  annealing  indicates  that  the  enhanced 
diffusion  is  only  transitory  because,  as  the  electrical  activity  ap- 
proaches to  100$,  the  enhanced  diffusion  reduces  to  ordinary  diffusion. 

2 . The  Spontaneous  Conversion  of  BV-Pairs 

At  the  outset  of  the  anneal,  we  encounter  a nonequilibrium 
situation  characterized  by  low  electrical  activity,  a large  population 
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of  BV-pairs,  and  enhanced  diffusion,  see  Fig.  10b.  On  the  other  hand, 
at  the  completion  of  the  anneal,  we  find  a thermal  equilibrium  situation 
characterized  by  high  electrical  activity,  a large  population  of  substi- 
tutional boron,  and  ordinary  diffusion.  We  insert  these  dichotomous  at- 
tributes in  the  figure  as  mnemonics  for  our  next  argument.  By  inspection 
of  Fig.  10b,  we  can  interpret  annealing  as  a transient  process  going  from 
a noneHailibrium  state  toward  an  equilibrium  state  in  which  a large  ini- 
tial population  of  BV-pairs  transform  into  electrically  active  substitu- 
tional boron.  The  comparison  of  the  diffusive  attributes  with  the  popu- 
lation of  BV-pairs  and  substitutional  boron  at  the  outset  and  end  of  the 
anneal  lead  us  to  infer  that  BV-pairs  are  fast  diffusants  and  substitu- 
tional boron  are  slow  diffusants.  With  this  interpretation,  the  diffu- 
sive behavior  during  annealing  becomes  a weighted  process  with  contribu- 
tions from  a fast  and  electrically  inactive  species,  the  BV-pair,  and  a 
slow  and  electrically  active  fraction,  the  substitutional  boron.  Hence, 
a large  population  of  BV-pairs  lead  to  enhanced  diffusion,  whereas  a 
large  population  of  substitutional  boron  produces  ordinary  diffusion. 

In  summary,  annealing  is  governed  by  the  driving  forces  that 
arise  from  a nonequilibrium  state.  These  driving  forces  produce  the 
spontaneous  conversion  of  BV-pairs  into  substitutional  boron.  And,  the 
electrical  activation  and  diffusive  behavior  are  consequences  of  the  di- 
chotomous attributes  of  BV-pairs  and  substitutional  boron  with  respect 
to  electrical  activity  and  diffusion. 

3 . The  'Boron-Boron  Vacancy  Pair'  Reaction 

In  the  preceding  section,  we  concluded  that  the  spontaneous 
conversion  of  BV-pairs  into  substitutional  boron  governed  the  annealing 
behavior.  Now,  we  will  examine  this  conversion  problem  in  greater  de- 
tail. The  transformation  of  BV-pairs  into  substitutional  boron  comes 
gradually  to  an  end  as  the  equilibrium  conditions  are  attained.  We  can 
now  address  the  question  whether  it  is  possible  to  perturb  the  equilib- 
rium condition  and  force  the  transformation  in  the  reverse  direction? 
The  answer  is  yes.  It  is  possible  to  perturb  the  equilibrium  by  implant- 
ing protons.  Protons  are  light  ions.  Therefore,  the  damage  they  produce 
is  also  light,  consisting  mainly  of  simple  defects  that  ra ise  the  vacancy 
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concentration  above  the  equilibrium  level.  Fladda  et  al  [11]  observed 
that  a given  dose  of  protons  removes  a fixed  amount  of  boron  from  sub- 
stitutional sites,  rendering  the  boron  electrically  inactive.  Further- 
more, they  observed  that  doubling  the  proton  dose  will,  in  turn,  double 
the  number  of  boron  atoms  removed  from  substitutional  sites.  This  cor- 
respondence between  the  number  of  boron  atoms  rendered  inactive  with  the 
proton  dose  or  indirectly  with  the  number  of  vacancies  produced,  leads 
us  to  infer  the  existence  of  a chemical  reaction  between  a substitutional 
boron  and  a vacancy.  Since  BV-pairs  are  the  inactive  boron,  it  is  ap- 
parent that  a substitutional  boron  reacts  with  a (positive)  lattice  va- 
cancy to  form  a BV-pair.  Because  the  BV-pair  is  electrically  neutral 
and  the  substitutional  boron  is  ionized  negatively,  the  presence  of  the 
positive  vacancy  is  necessary  in  order  to  preserve  the  conservation  of 
charge  in  the  proposed  reaction: 

B_  + V+  ^ B~V+  (3) 

Let  us  elaborate  on  the  implications  of  this  reaction.  We  just  saw  that 
a proton  implant  drives  the  vacancy  concentration  above  the  equilibrium 
level  forcing  the  reaction  in  Eq . (3)  to  the  right.  And,  we  recall  that 
during  annealing  the  high  BV-pair  concentration  forces  the  reaction  in 
Eq . (3)  to  the  left.  When  the  reactions  in  opposing  directions  cancel 
each  other,  the  reaction  is  at  equilibrium.  Under  this  special  circum- 
stance, a simple  algebraic  expression  exists  relating  the  concentrations 
of  reactants  and  product: 


BV 


= k C C , 
o B V+ 


(4) 


where  k is  the  equation  constant,  a function  of  temperature.  Whereas 
o 

the  equality  of  the  members  in  this  equation  is  indicative  of  equilib- 
rium, the  inequality  is  a measure  of  the  departure  from  thermodynamic 
equilibrium.  Consequently,  the  kinetics  of  this  reaction  can  be  mod- 
elled by  the  driving  force  represented  by  the  departure  from  equilibrium 
and  a time  constant  x,  as  indicated  in  Eq . (5): 
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Reaction  Rate 


(5) 


CBV  - Wv 


This  term  will  be  used  in  the  mathematical  formulation  of  the  annealing 
model.  The  time  constant  t determines  the  rate  of  the  BV-pair-substi- 
tutional  boron  reaction.  Therefore,  indirectly  it  also  determines  the 
rate  of  the  anneal  and  the  diffusive  redistribution. 


4 . The  Positively  Charged  Vacancies 

The  presence  of  positive  vacancies  in  this  model  has  important 
implications.  For  instance,  rearranging  Eq.  (4),  we  obtain: 


k C. 


o V1 


(6) 


In  this  expression,  we  can  appreciate  that  the  concentration  of  positive 
vacancies  determines  at  equilibrium  the  relative  concentrations  of  active 
boron  and  BV-pairs,  hence  the  overall  diffusion. 

Vacancies  exist  in  the  silicon  lattice  in  various  charged 
states.  The  neutral  vacancy  is  a nonionized  flaw;  therefore,  according 
to  the  analysis  by  Shockley  and  Moll  [36],  its  equilibrium  concentration 
is  a function  of  the  temperature  only.  We  use  the  expression  in  Eq.  (7), 
after  Seidel  and  MacRae  [371 

= 5 1025  exp (-1.7  eV/KT)  (7) 

eq 


The  positive  vacancy  is,  on  the  other  hand,  an  ionized  flaw.  Conse- 
quently, its  equilibrium  concentration  is  a function  of  both  temperature 
and  the  Fermi  level  in  the  bandgap: 


where 


“V° 


concentration  of  neutral  vacancies 


[Eq.  (7)] 


(8) 
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energy  level  of  positive  vacancies,  0.35  eV  above  the  valence 
band  edge 


Fermi  level 
Boltzmann  constant 
temperature  in  degrees  Kelvin 

The  Fermi  level  is,  in  turn,  dependent  on  the  concentration  of  active 
boron  through  the  Fermi-Dirac  statistics.  It  is  apparent  now  that  the 
Fermi  level  dependence  of  the  concentration  of  positive  vacancies  is  the 
mechanism  responsible  for  the  high-concentration  and  substrate-doping 
anomalies  observed  in  ordinary  diffusions  under  thermal  equilibrium  con- 
ditions . 

Under  nonequilibrium  conditions,  if  the  perturbation  is  small, 
the  bulk  and  the  surface  of  the  semiconductor  will  absorb  or  generate 
vacancies  to  restore  the  equilibrium  vacancy  concentration.  We  model  the 
rate  for  the  attainment  of  equilibrium  using  the  departure  from  equilib- 
rium as  the  driving  force  and  a time  constant  t , see  Eq.  (9): 


Rate  for  the  Attainment  of  Equilibrium  = 


where  is  the  vacancy  lifetime.  The  values  that  take  are  small 

compared  to  other  time  constants  associated  with  diffusion.  Consequently, 
in  those  cases  where  the  vacancies  are  only  slightly  perturbed,  it  is 
possible  to  approximate  that  the  vacancy  concentration  is  the  equilibrium 
concentration . 

Naturally,  when  the  perturbation  is  large,  the  aforementioned 
approximation  may  no  longer  be  adequate.  For  instance,  Fig.  11  shows  the 
vacancy  concentration  produced  by  the  implantation  of  boron  ions  at  70 
keV  into  silicon.  This  profile  is  computed  from  the  number  of  Frenkel- 
pairs  produced  by  the  implantation;  which  is,  in  turn,  calculated  from 
the  distribution  of  energy  deposited  into  atomic  processes  by  the  ener- 
getic ions  [38]  and  by  assuming  that  12  eV  are  required  to  produce  a 
Frenkel-pair . The  calculated  vacancy  profile  is  many  orders  of  magnitude 
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Fig.  11.  THE  CALCULATED  VACANCY  CON- 
CENTRATION PROFILE  PRODUCED  BY  THE 
IMPLANTATION  OF  BORON. 


above  the  equilibrium  vacancy  concentration.  Consequently,  the  substrate 
is  severely  stressed  and  it  is  incapable  of  sustaining  such  an  extraor- 
dinary excess  vacancy  concentration.  As  a result,  the  vacancies  coalesce 
in  vacancy  clusters  and  vacancy  loops  to  relieve  the  stress  in  the  lat- 
tice. Transmission  electron  micrographs  reveal  that  bound  vacancies  will 
be  released  from  the  vacancy  clusters  and  vacancy  loops  as  these  defects 
anneal  out  and  that  the  background  vacancy  concentration  will  reach 
thermal  equilibrium  very  rapidly.  This  result  is  in  agreement  with  the 
backscattering  work  by  Westmoreland  et  al  [39] . The  process  we  just  de- 
scribed can  be  modelled  with  the  vacancy  generation  pulse  in  Eq . (10), 
that  we  propose. 


Vacancy  Generation  Rate  = k Damage (x)  exp(-t/-rDAM)  (10) 
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In  this  expression,  Damage(x)  is  the  vacancy  distribution  computed 

from  the  distribution  of  energy  deposited  into  nuclear  processes,  k is 

a constant  adjusted  to  produce  the  total  number  of  vacancies  calculated 

in  Fig.  11,  and  t.  in  the  exponential  factor  determines  the  duration 
dam 

of  the  generation  of  vacancies. 

In  this  section,  we  modelled  three  processes  that  take  place 
during  the  annealing  of  room  temperature  implantation  of  boron  into 
silicon.  These  processes  are:  the  release  of  vacancies  from  vacancy 
clusters  and  vacancy  loops,  the  absorption  of  vacancies  by  the  bulk  and 
the  surface  to  restore  the  equilibrium  vacancy  concentration  and  the 
spontaneous  breakup  of  BV-pairs.  During  the  anneal,  the  great  majority 
of  vacancies  generated  are  absorbed  by  the  substrate  and  the  smaller 
remaining  fraction  may  increase  the  population  of  BV-pairs  only  if  the 
time  constant  associated  with  the  generation  of  vacancies  is  comparable 
to  the  lifetime  of  BV-pairs.  At  annealing  temperatures  below  1000°C, 
the  lifetime  of  BV-pairs  is  long  compared  to  the  duration  of  the  gener- 
ation of  vacancies.  Consequently,  the  boron-BV-pair  reaction  finds 
essentially  the  concentration  of  positive  vacancies  at  equilibrium.  At 
1000 °C  and  above,  the  lifetime  of  BV-pairs  is  short;  therefore,  there 
is  some  overlap  between  the  generation  of  vacancies  and  the  breaking  up 
of  BV-pairs.  For  this  reason,  the  shape  of  the  annealed  profile  is  mod- 
ified by  the  localized  enhancement  in  diffusion  caused  by  the  vacancies 
that  arise  from  the  annealing  of  vacancy  clusters  and  loops.  This  effect 
is  only  observable  at  short  annealing  times.  At  longer  annealing  times, 
it  is  masked  by  ordinary  diffusion  which  is  more  important  at  1000°C  and 
above.  It  is  appropriate  to  emphasize  that  this  description  pertains  to 
the  annealing  of  a silicon  substrate  implanted  with  boron  ions  at  room 
temperature.  The  behavior  of  vacancies  under  implantation  conditions 
that  produce  an  amorphous  layer  will  certainly  be  different. 

The  major  results  in  this  section  can  be  summarized  as: 

(a)  Under  thermal  equilibrium,  the  concentration  of  neutral 
vacancies  is  a function  of  temperature  only  [36] . 

(b)  Under  thermal  equilibrium,  the  concentration  of  positive 
vacancies  is  a function  of  temperature  and  the  Fermi- 
level  in  the  bandgap  [36] . 
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(c)  Under  thermal  equilibrium,  because  the  lifetime  of  va- 
cancies is  short  compared  to  other  time  constants  in  the 
diffusion  process,  it  is  possible  to  approximate  that  the 
vacancy  concentration  is  the  thermal  equilibrium  concen- 
tration . 

(d)  During  the  annealing  of  room  temperature  boron  implants, 
it  is  possible  to  model  the  vacancy  perturbation  arising 
from  the  implantation  as  a vacancy  pulse  superimposed  on 
a background  vacancy  concentration  at  equilibrium  with 
the  substrate. 

(e)  In  many  instances,  the  effect  of  the  vacancy  pulse  (aris- 
ing from  the  annealing  of  vacancy  clusters  and  vacancy 
loops)  on  the  overall  annealing  is  not  significant.  This 
effect  is  only  apparent  in  short  anneals  at  high  anneal- 
ing temperature. 

(f)  This  description  of  vacancies  does  not  apply  to  the  an- 
nealing of  boron  that  is  implanted  at  liquid  nitrogen 
temperature  or  the  case  of  the  implantation  of  a heavy 
ion . 


5.  Summary  of  the  Typical  Annealing  Cases 

Within  the  group  represented  by  this  canonical  case,  annealing 
will  proceed  as  described  with  the  following  trends  as  temperature  and 
implantation  dose  are  varied.  An  increase  in  annealing  temperature  will 
result  in  a decrease  in  the  reaction  time  constant.  Consequently,  an- 
nealing will  be  faster  (a  shorter  transient  is  equivalent  to  a faster 
attainment  of  equilibrium  conditions).  An  increase  in  implantation  dose 
produces  proportionally  higher  boron  concentrations  but  lower  initial 
electrical  activity  as  observed  by  Fladda  et  al  [111  and  Seidel  and  Mac 
Rae  [181.  Therefore,  annealing  time  will  be  longer  than  for  a lower 
dose  case  annealed  at  the  same  temperature.  This  situation  holds  true 
until  the  increased  dose  causes  a peak  boron  concentration  to  exceed  the 
solid  solubility  limit  at  the  annealing  temperature.  Under  these  cir- 
cumstances, annealing  will  no  longer  obey  the  description  given  above, 
instead  it  will  follow  the  global  features  of  high  dose  cases  repre- 
sented in  the  left-hand  column  in  Table  2. 

We  conclude  the  discussion  of  the  first  canonical  case  which 
is  representative  of  the  cases  in  the  lower  left-hand  corner  of  Table  3 
by  summarizing  that: 
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Table  3 

THE  ANNEALING  CASES 


Dose : 

2 

ions/cm 

14 

15 

16 

T 

10 

10 

10 

e 

1 

Low  Annealing 

m 800 

Temperature 

High 

P 

Cases 

e 

r 

t 900 

Typical 

Annealing 

Dose 

u 

r 

e 1000 

Cases 

Cases 

°c 

(a)  The  species  are:  substitutional  boron,  electrically 
active  and  a slow  diffusant  ; BV-pair,  electrically 
inactive  and  a fast  diffusant,  and  positive  vacancies. 

(b)  A reaction  exists  between  B,  BV-palrs,  and  positive 
vacancies.  The  kinetics  of  this  reaction  governs  the 
time  evolution  of  the  populations  of  active  boron  and 
BV-pairs.  Therefore,  It  also  governs  the  electrical 
activation  and  indirectly  the  redistribution. 

(c)  The  diffusion  of  boron  Is  a weighted  process  with  con- 
tributions of  BV-pairs,  the  *ast  diffusant,  and  sub- 
sltutlonal  boron,  the  slow  diffusant. 

(d)  Under  thermal  equilibrium,  the  concentration  of  posi- 
tive vacancies  is  a function  of  the  temperature  and 
the  Fermi  level  In  the  bandgap. 


1 


6 . High  Dose  Cases 

The  high  dose  cases  are  represented  in  the  left-hand  column  in 

16  2 

Table  3.  The  canonical  case  representing  this  group  Is  the  10  lons/cm 

dose  implant,  annealed  at  900 °c.  In  this  case,  the  peak  boron  concentra- 
20  3 

tion  Is  8 x 10  atoms/cm  and  the  solid  solubility  limit  at  900°C  is  1.1 
20  3 

10  atoms/cm  ; therefore,  we  expect  the  boron  atoms  to  precipitate.  The 
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experimental  annealing  result  shows  in  Fig.  12a  that  there  is  diffusion 
of  the  tail  in  the  impurity  concentration  profile,  but  the  central  por- 
tion near  the  peak  remained  unchanged.  Furthermore,  in  the  same  figure 
we  can  appreciate  from  the  inspection  of  the  annealed  electrical  carrier 
profile  that  the  immobile  boron  is  also  electrically  inactive.  At  the 
outset  of  the  anneal,  especially  at  this  high  dose,  the  electrical  ac- 
tivity is  quite  low  (=^  12^)  ; therefore,  nearly  all  the  implanted  boron 
is  electrically  inactive.  From  these  facts,  we  conclude  that  the  com- 
position of  the  inactive  boron  is  mostly  boron  precipitate  and  a much 
smaller  fraction  of  BV-pairs.  The  experimental  evidence  on  hand  does 
not  indicate  whether  the  boron  precipitate  is  formed  directly  from  the 
implanted  boron  once  the  solid  solubility  limit  is  exceeded  or  whether 
BV-pairs  are  first  formed  and  then  followed  by  precipitation.  We  choose 
the  second  possibility  for  the  sake  of  convenience  in  our  mathematical 
model.  This  arbitrary  choice  does  not  modify  the  end  result  because 
precipitation  takes  place  very  rapidly  regardless  of  the  boron  source. 
Consequently,  in  this  interpretation,  annealing  of  this  canonical  case 
will  proceed  as  follows.  At  the  outset,  the  low  activity  is  due  to  a 
large  fraction  of  BV-pairs,  from  which  the  fraction  above  the  solid 
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Fig.  12.  THE  ELECTRICAL  ACTIVATION  AND  REDISTRIBUTION  BEHAV- 
IOR OF  BORON  IN  HIGH  DOSE  CASES. 
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solubility  limit  precipitates  very  rapidly.  After  a short  time,  we  find 
the  situation  depicted  in  the  insert  in  Fig.  12b:  the  annealing  profile 
at  this  time  differs  very  slightly  from  the  implanted  profile.  Near  the 
profile  peak,  the  boron  has  precipitated  and  it  is  immobile.  The  remain- 
ing boron,  which  is  composed  mainly  of  BV-pairs,  has  diffused  very 
slightly  in  this  short  time,  later  in  time,  annealing  proceeds  with  two 
mechanisms.  One  mechanism  is  the  conversion  of  BV-pairs  into  electri- 
cally active  boron  accompanied  by  redistribution  as  described  in  the 
first  canonical  case.  The  other  mechanism  is  the  dissolution  of  precip- 
itated boron.  The  dissolution  takes  place  because  the  redistribution  of 
boron  removes  boron  from  the  areas  of  high  concentration,  thus  upsetting 
the  equilibrium  concentrations  of  precipitated  and  nonprecipitated  boron 
with  respect  to  solid  solubility.  This  nonequilibrium  situation  is,  in 
turn,  corrected  by  the  dissolution  of  precipitates.  Whereas  the  B-BV  pair 
reaction  reaches  equilibrium  conditions  in  the  course  of  annealing,  dis- 
solution is  a slow  process  at  900 °C  and,  after  35  min  of  annealing,  there 
is  still  a large  fraction  of  boron  precipitates.  This  situation  is  de- 
picted in  the  insert  to  the  left  in  Fig.  12b.  The  boron  precipitate  re- 
mains essentially  unchanged,  however,  the  fraction  of  BV-pairs  diffused 
as  they  converted  into  substitutional  boron.  Hence,  the  total  boron  con- 
centration profile  exhibits  a shoulder-like  structure  in  agreement  with 
the  experiment.  Furthermore,  we  can  also  predict  that  subsequent  anneal- 
ing will  produce  diffusion  of  the  tail  of  the  profile  at  ordinary  diffu- 
sion rate  because  the  B-BV  pair  reaction  reached  equilibrium  conditions, 
and  the  electrical  activation  will  be  extremely  slow  because  equilibrium 
with  respect  to  solid  solubility  is  only  slightly  perturbed  by  the  slow 
diffusion  at  900 °C.  To  elaborate  further  on  this  subject,  we  can  con- 
trast this  case  with  a higher  annealing  temperature  case.  As  the  anneal- 
ing temperature  is  increased,  the  solid  solubility  limit  increases  and 
diffusion  becomes  more  important.  Consequently,  the  dissolution  of  boron 
precipitates  will  occur  more  readily  and  a higher  rate  of  electrical  ac- 
tivation results.  For  instance,  at  1100 °c,  the  electrical  activity  ap- 
proaches 1001-,  after  35  minutes  of  annealing.  In  summary,  annealing  of 
high  dose  implants  occur  as  a result  of  two  mechanisms . The  boron-BV 
pair  reaction  governing  the  redistribution  behavior  and  the  dissolution 
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of  boron  precipitates  governing  the  annealing  time.  We  model  the  pre- 
cipitation and  dissolution  kinetics  by  assuming  again  a rate  propor- 
tional to  the  departure  from  equilibrium  as  the  driving  force  and  a 
time  constant.  Thus,  the  precipitation  rate  becomes: 

C - Solid  Solubility  Limit  (SSL) 

Precipitation  Rate  = + — ^ (11) 

Tprec 


and  likewise  the  dissolution  rate  results  in  a more  complicated  rela- 
tion : 


The  upper  branch  accounts  for  the  situation  depicted  in  Fig.  13a,  in 
which  the  fraction  of  precipitates  below  the  solid  solubility  limit 
(SSL)  indicated  by  the  bracket  should  decay  to  zero.  Similarly,  the 
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lower  branch  represents  the  case  In  Fig.  13b  when  the  total  boron  con- 
centration is  below  the  solid  solubility  limit.  In  this  case,  if  there 
is  a precipitate,  it  should  decay  spontaneously  to  zero. 

By  inspection  of  these  equations,  we  can  verify  that  the  rates 
reduce  to  zero  at  equilibrium. 

7 . Low  Temperature  Annealing 

We  will  examine  now  the  low  temperature  annealing  cases  in 

which  'metastable  boron  precipitates'  form  as  a result  of  the  trapping 

of  boron  by  dislocation  dipoles.  The  canonical  case  representative  of 

14  2 

this  group  is  the  10  ions/cm  dose  implant  annealed  at  800 °C.  In  this 

18  3 

example,  the  boron  peak  concentration  is  8 x 10  atoms/cm  , which  is 
19  3 

below  10  atoms/cm  , the  solid  solubility  limit  at  800°C.  However,  the 
experimental  profile  that  results  after  35  minutes  of  annealing  shows 
again  the  shoulder-like  structure  in  Fig.  14a.  The  electrical  carrier 
profile  shows  a behavior  very  similar  to  the  high  dose  cases  with  the 
presence  of  true  precipitates.  In  essence,  it  appears  that  there  is 
again  a threshold  level  of  concentration,  resembling  a solid  solubility 


(b) 


Fig.  14.  THE  ELECTRICAL  ACTIVATION  AND  REDISTRIBU- 
TION BEHAVIOR  OF  BORON  IN  LOW  ANNEALING  TEMPERATURE 
CASES . 
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limit,  above  which  concentration  the  boron  becomes  immobile  and  electri- 
cally inactive.  The  boron  in  this  case  is  certainly  not  a precipitate 
in  the  conventional  sense.  An  analysis  of  transmission  electron  micro- 
graphs and  electrical  activation  results  indicate  that  this  boron  is 
trapped  by  dislocation  dipoles  that  form  and  evolve  during  annealing.  A 
more  detailed  description  of  this  issue  was  given  in  a previous  section. 
Our  objective  here  is  to  describe  the  role  and  participation  of  the 
trapped  boron  in  the  low  temperature  annealing.  At  the  outset  of  the 
anneal,  the  large  concentration  of  vacancies  generated  by  the  implanta- 
tion coalesce  into  vacancy  clusters  and  loops,  as  indicated  by  the  5 
minute  transmission  electron  micrograph  in  Fig.  9b.  We  assume  that  the 
low  electrical  activity  is  due  to  a large  concentration  of  BV-pairs,  as 
shown  in  Fig.  14b.  As  annealing  proceeds,  the  micrograph  corresponding 
to  10  minutes  of  annealing  (Fig.  9b)  indicates  that  the  vacancy  clusters 
break  up  and  two  events  take  place.  One  is  the  migration  of  vacancies 
in  the  bulk  and  to  the  surface.  The  other  is  the  formation  of  disloca- 
tion dipoles  in  the  substrate.  The  consequences  of  this  annealing  stage 
is  the  attainment  of  equilibrium  concentration  for  the  vacancies  and  the 
trapping  of  boron  atoms  by  the  dislocation  dipoles.  This  is  depicted  in 
Fig.  14b,  and  we  can  see  that  the  trapped  boron,  immobile  and  electri- 
cally inactive,  is  formed  at  the  expense  of  the  BV-pairs.  Apparently, 
the  formation  of  dislocation  dipoles  is  very  fast  in  time,  and  the  boron 
immobilized  by  these  defects  is  the  fraction  of  boron  that  exceeds  a 
critical  concentration.  From  these  premises,  we  model  the  trapping  of 
boron  as  a chemical  reaction  with  a reaction  rate  represented  by: 


CBV  ~ Cdd 
Tdd 


(13) 


where  C..  represents  the  aforementioned  critical  concentration, 
dd 

There  are  other  evidences  of  the  existence  of  this  critical 
concentration  level.  For  instance,  dislocation  dipoles  have  only  been 
observed  in  high  concentration  diffusions  and  not  at  lower  concentra- 
tions. Furthermore,  since  dislocation  dipoles  form  when  they  are  about 
100  A long  (Bicknell  et  al  [17]),  we  can  estimate  the  concentration 
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level  for  which  two  boron  atoms  are  100  A appart • Such  a calculation 

18  3 

yields  a boron  concentration  of  10  atoms/cm  , which  is  consistent  with 
the  observed  threshold . 

Once  the  boron  has  been  trapped  by  the  dislocation  dipoles, 
further  annealing  proceeds  with  two  distinct  mechanisms.  One  is  the  B- 
BV  pair  reaction,  as  in  the  other  cases  that  we  already  examined.  The 
other  mechanism  is  the  release  of  trapped  boron  atoms  from  the  disloca- 
tion dipoles  as  they  anneal  out.  The  transmission  electron  micrograph 
at  15  minutes  of  annealing  indicates  that  the  dislocation  dipoles  have 
decreased  in  number  and  increased  somewhat  in  length.  Hence,  we  would 
expect  a release  of  trapped  boron  atoms.  We  do  not  have  clear  evidence 
of  how  the  trapped  boron  becomes  active.  However,  the  faster  diffusion, 
inferred  from  Table  2 on  the  behavior  of  the  annealed  distribution,  ap- 
pears to  indicate  that  the  trapped  boron  becomes  a BV-pair,  the  fast 
diffusant.  It  is  conceivable  that  a vacancy  migrates  to  the  neighbor- 
hood of  a boron  atom  imbedded  in  the  strain  field  of  a dislocation  di- 
pole. When  the  dislocation  dipole  is  annealing  out,  the  strain  field 
is  weakened  and  the  vacancy  may  approach  the  boron  atom  to  form  a boron 
vacancy  pair.  It  is  also  possible  that  the  dislocation  dipoles  emit 
vacancies  as  they  anneal  out,  hence  increasing  locally  the  probability 
for  the  formation  of  BV-pairs.  The  global  features  characteristic  of 
this  case  are  depicted  in  Fig.  14b.  The  inserts  below  the  graph  repre- 
sent schematically  the  evolution  of  defects,  among  which  are  the  dislo- 
cation dipoles,  capable  of  trapping  boron  atoms  in  their  strain  fields. 
In  the  electrical  activity  graph,  we  show,  using  a bar  graph  represen- 
tation, the  fractions  of  immobile  boron,  BV-pairs,  and  electrically  ac- 
tive boron.  The  arrows  connecting  these  fractions  represent  the  contin- 
uous release  of  trapped  boron  from  the  dislocation  dipoles  as  they  anneal 
out  and  the  conversion  of  BV-pairs  into  active  boron.  The  inserts  above 
the  electrical  activation  graph  indicate  the  evolution  of  the  redistri- 
bution behavior  that  results  from  the  presence  of  immobile  boron,  BV- 
pairs  (fast  diffusant),  and  substitutional  boron  (slow  diffusant).  The 
shoulder-like  structure  at  annealing  times  of  15  and  35  minutes  are  con- 
sequences of  the  immobility  of  the  trapped  boron  near  the  profile  peak 
and  the  mobility  of  the  BV-pairs  responsible  for  the  faster  diffusion  of 
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the  profile's  tail.  We  can  appreciate  at  this  point  that  the  major  dif- 
ference between  this  present  case  and  the  high  dose  case  originates  from 
the  fact  that,  whereas  the  dissolution  of  boron  precipitates  in  the  high 
dose  case  is  a consequence  of  the  removal  of  boron  from  the  areas  of  high 
concentration,  in  the  low  annealing  temperature  case  the  release  of  boron 
is  the  result  of  the  annealing  of  dislocation  dipoles.  The  release  of 
boron  from  the  strain  fields  associated  with  the  dislocation  dipoles  is 
a complicated  matter.  The  individual  strain  fields  may  overlap  and  pro- 
duce a nonlinear  relation  between  the  number  of  boron  atoms  associated 
with  a dislocation  dipole  and  the  dislocation  dipole  density.  However, 
as  we  will  see,  despite  the  complexity  in  the  real  situation,  the  simple 
exponential  release  rate  in  Eq.  (14)  is  capable  of  capturing  the  key  fea- 
tures under  consideration: 


B Release  Rate 


"B 


trapped 


dd 


(14) 


This  equation  is  mathematically  identical  to  the  expression  for  the  dis- 
solution of  the  precipitate  when  the  boron  concentration  is  below  the 
solid  solubility  limit.  Therefore,  Eq . (12)  can  be  used  inthehigh  dose 
as  well  as  in  the  low  annealing  temperature  cases,  provided  the  appro- 
priate parameters  are  substituted. 

Let  us  examine  now  the  global  features  of  the  anneal  when  im- 
plantation dose  or  annealing  temperature  are  increased  with  respect  to 
the  canonical  case  that  we  just  studied.  An  increase  in  dose  produces 
a proportional  increase  in  the  dislocation  dipole  density.  The  time 
evolution  of  the  defects  is  depicted  in  Fig.  9b.  The  principal  differ- 
ence with  the  canonical  case  is  the  formation  of  residual  damage  from 
the  annealing  of  the  dislocation  dipoles.  In  contrast  with  the  dipoles, 
the  residual  damage  does  not  trap  boron  atoms.  Annealing  of  the  higher 
dose  case  at  the  same  annealing  temperature  of  800 °C  requires  a longer 
annealing  time  because  a larger  fraction  of  boron  is  trapped  by  the  de- 
fects. The  other  situation  of  interest  is  when  the  annealing  tempera- 
ture is  increased.  At  a higher  temperature,  annealing  becomes  more 
rapid.  For  instance,  Fig.  8 shows  that  the  dislocation  dipole  density 
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after  5 minutes  of  annealing  at  900°C  is  equivalent  to  35  minutes  of 
annealing  at  800°C.  Presumably,  at  higher  temperature,  the  sequence  of 
events  in  the  800  °C  anneal  depicted  in  the  micrographs  in  Fig.  8b  at  5, 
10,  and  15  minutes  occur  at  earlier  times  in  the  900°C  anneal.  Conse- 
quently, annealing  in  this  case  is  not  dominated  by  the  time  required 
to  release  the  trapped  boron  but,  instead,  is  governed  by  the  B-BV  pair 
reaction  time  constant.  This  is  indeed  the  situation  idealized  by  the 
first  canonical  case  in  which  the  presence  of  boron  trapped  by  the  dis- 
location dipoles  is  assumed  to  be  negligible. 

8 . Summary 

We  describe  in  this  chapter  the  annealing  behavior  of  boron 
that  is  ion  implanted  at  room  temperature  into  silicon,  in  the  dose 
range  of  10^  to  10***  ions/cm^  and  annealed  in  the  temperature  range  of 
800°C  to  1000°C.  This  wide  range  of  implantation  dose  and  annealing 
temperatures  include  from  the  typical  annealing  cases  of  ion  implanta- 
tion in  the  fabrication  of  devices  to  the  unconventional  situations  in 
which  the  annealing  is  dominated  by  boron  precipitates  (high  dose  im- 
plantation) and/or  boron  trapped  by  dislocation  dipoles  (low  temperature 
annealing) . 

To  model  the  redistribution  and  electrical  activation  of  boron, 
we  propose  a model  composed  of  substitutional  boron  (electrically  active 
and  slow  diffusant),  boron-vacancy  pair  (electrically  inactive  and  fast 
diffusant),  and  the  positively  charged  vacancy.  The  overall  diffusion 
of  boron  is  then  composed  of  a slow  and  electrically  active  fraction, 
the  substitutional  boron,  and  a fast  and  electrically  inactive  fraction, 
the  boron  vacancy  pair.  The  diffusive  and  electrical  attributes  of  boron 
and  the  BV-pair  enable  the  overall  diffusion  of  boron  to  assume  the  di- 
chotomous characteristics  that  pertain  to  the  prevalent  specie  in  the 
diffusion.  For  instance,  the  implanted  boron  react  with  nearby  vacancies 
to  form  BV-pairs.  This  dominant  population  of  BV-palrs  is  responsible 
for  the  low  electrical  activity  and  enhanced  diffusion  at  the  outset  of 
the  anneal.  During  the  anneal,  the  BV-pairs  break  up  spontaneously  into 
its  constituents  until  the  thermodynamic  equilibrium  is  reached.  At  equi- 
librium, the  opposing  rates  in  the  reaction  cancell  and  the  remaining 
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fraction  of  BV-pairs  is  small  compared  to  the  population  of  substitu- 
tional boron.  For  this  reason,  the  diffusion  is  slow  and  the  electri- 
cal activity  is  high  at  the  completion  of  the  anneal.  This  annealing 
behavior  is  characteristic  of  the  typical  annealing  cases.  In  order 
to  include  the  precipitation  effects  of  high  dose  implants,  and  the  low 
annealing  temperature  anomalies  caused  by  the  trapping  of  boron  by  dis- 
location dipoles,  it  is  necessary  to  expand  this  basic  model  to  include 
the  immobile  boron  and  additional  reaction-kinetic  terms.  In  the  next 
chapter,  we  will  utilize  these  premises  to  formulate  a mathematical 
model  for  the  annealing  of  ion  implanted  boron  at  room  temperature, 
under  the  described  conditions  of  implantation  dose  and  annealing  tem- 
perature . 
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Chapter  II 


THE  ANNEALING  MODEL 


In  this  chapter,  we  will  develop  the  mathematical  model  for  predict- 
ing the  annealing  behavior  of  ion  implanted  boron  into  silicon.  Because 
annealing  is  a very  complex  problem,  the  first  chapter  was  devoted  to  the 
description  and  definition  of  the  problem,  to  the  analysis  of  relevant 
experiments  pertinent  to  annealing.  From  these  experiments,  we  inferred 
the  key  attributes  of  the  annealing  problem.  The  results  of  these  infer- 
ences are  summarized  in  Table  4.  In  the  left-hand  side  of  the  table,  we 
show  the  species  and  their  electrical  and  diffusive  characteristics.  To 
the  right,  we  indicate  the  reactions  the  species  participate  in , which  an- 
nealing behavior  a particular  reaction  determines,  and  when  this  reaction 
prevails.  It  is  apparent  that  the  kinetics  of  the  dominant  reaction  and 
the  electrical  and  diffusive  attributes  of  reactants  and  products  deter- 
mine the  electrical  activation  and  the  redistribution  features,  respec- 
tively. For  this  reason,  it  is  important  to  relate  the  reaction  that  pre- 
vails with  the  corresponding  implantation  and  annealing  conditions.  This 
cross-reference  is  provided  by  Table  3,  which  is  repeated  here  from  the 
preceding  chapter. 
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A . The  Mathematical  Model 

The  quantitative  description  of  the  ideas  summarized  in  Table  4 is 
represented  below  by  Eq.  (15).  In  essence,  this  set  of  equations  performs 
the  bookkeeping  of  each  of  the  species  in  time  and  space  with  regard  to 
entries  such  as  diffusion,  chemical  reactions,  etc. 


RATE  OF 
CHANGE 
IN  CONC. 


DIFFUS ION 


REACTIONS 


dCB 

"ST 

n2 

d CB 
= D £ 

B ax2 

- REAC 

(15a) 

Sc 

JCv+ 

- REAC 

/DISS) 

" (rel  f + GEN  ■ EQ 

(15b) 

dC 

BV 

~^r 

D ^ 

BV  ax2 

( PREC 1 

+ REAC  - 

(TRAP) 

(DISS) 

+ (REL  ) 

(15c) 

dCBi 

= 

(PREC) 
+ (TRAP) 

(DISS) 

(REL  ) 

(15d) 

where 

2 

C = atomic  concentration  in  #/cm 

2 

D = diffusion  coefficient  in  cm  /sec 

and  the  subscripts  denote 

B = substitutional  boron,  electrically  active 
V+  = positively  charged  vacancy 
BV  = boron  vacancy  pair 

Bi  = immobile  boron,  a boron  precipitate  in  the  high  dose  implanta- 
tion cases  or  a boron  trapped  by  dislocation  dipoles  in  the  low 
temperature  annealing  cases 
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The  brackets  in  Eq.  (12)  denote  alternative  choices.  The  upper  selec- 
tion in  the  brackets  corresponds  to  high  dose  implantation  cases,  and 
the  lower  selection  pertains  to  low  annealing  temperatures.  The  ana- 
lytical expression  of  the  various  reactions  in  Eq.  (15)  are  summarized 
in  Eq.  (16). 


REAC  = 


C - k C C . 
BV  o B V + 


PREC  = 


C - C 
BV  SSL 

TPREC 


(16a) 


(16b) 


TRAP  = 


CBV  ~ °DD 
TDD 


(16c) 


DISS  = 


lCB  > CSSL 

TOTAL 


' C < C 

B - SSL 

TOTAL 


CSSL  - <CBV  + V 


DISS 


"Bi 


DISS 


(16d  ) 


REL  = - 


Bi 

rREL 


CB  < CSSL 

TOTAL 


(16e) 


GEN  = 25I2S£<iI  8xp(-t/,n,M) 

tdam  DflM 


(16f  ) 


EQ  = 


C . - C . 

v+  v+ 

eq 


C , = c:  exp 

v+  v° 

eq 


/V  - EI 

l kT 


(16g  ) 


where 


kQ  = equilibrium  constant,  a function  of  temperature  only  (cm  ) 
r = reaction  time  constant 


C = solid  solubility  limit,  function  of  temperature 

buL 
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DD 


concentration  threshold  for  the  formation  of  disloca- 
tion dipoles 


PREC 
T, 


= precipitation  time  constant 


DD 


time  constant  for  the  trapping  of  boron  by  dislocation 
dipoles 


DISS 
T, 


= time  constant  for  the  dissolution  of  B precipitate 


REL 
Damage (x) 


time  constant  for  the  release  of  boron  from  the  dislo- 
cation dipoles  that  anneal  out 


primary  damage  profile  computed  from  the  energy  depos- 
ited into  nuclear  processes 


DAM 


time  constant  for  the  release  of  vacancies  from  vacancy 
clusters 


eq 


= equilibrium  concentration  of  positive  vacancies 


T„  = 


c „ = 


v° 


E . = 


E„  = 


T = 


lifetime  of  vacancies 

equilibrium  concentration  of  neutral  vacancies 
energy  level  of  positive  vacancy  in  the  band  gap 
Fermi  energy  level 
Boltzmann  constant 
temperature  in  degree  Kelvin 


The  reasons  for  representing  boron  precipitates  (high  dose  implants) 
and  boron  trapped  by  dislocation  dipoles  (low  annealing  temperatures)  as 
one  single  species  in  Eq.  (15)  are  threefold.  First,  we  recall  that  boron 
precipitates  and  trapped  boron  are  both  electrically  inactive  and  immobile. 
Second,  a comparison  of  Eq . (16b)  with  (16c)  and  Eq . (16d)  with  (16e)  re- 
veals that,  with  the  exception  of  the  parameters,  the  analytical  expres- 


sions are  respectively  identical.  Third,  the  only  case  in  which  boron 

16 

precipitate  and  trapped  boron  are  simultaneously  present  is  when  the  10 
2 

ions/cm  dose  boron  implant  is  annealed  at  800  C.  In  this  case,  the  elec- 


trical activation  of  boron  due  to  the  release  of  boron  trapped  by  dislo- 
cation dipoles  is  so  slow  that  the  distinction  between  the  two  forms  of 
boron  becomes  unnecessary.  In  this  case  also,  the  diffusion  is  so  slight 
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that  the  dissolution  of  boron  precipitates  is  negligible  (see  Fig.  5). 

In  other  cases,  either  boron  precipitate  or  trapped  boron  is  present. 
Consequently,  by  defining  the  immobile  boron  to  represent  either  boron 
precipitate  or  trapped  boron,  we  do  not  lose  generality  and  we  do  gain 
simplicity  in  the  mathematical  formulation  of  the  model. 

In  summary,  we  propose  a mathematical  model  for  predicting  the  re- 
distribution and  electrical  activation  of  ion  implanted  boron  that  is 
subsequently  annealed.  The  general  model  in  Eq . (15)  is  aimed  toward 
solving  the  annealing  problem  under  the  implantation  and  annealing  con- 
ditions in  Table  3.  These  conditions  are  by  no  means  too  restrictive} 
in  fact,  most  applications  fall  into  the  subcategory  of  "typical  anneal- 
ing cases"  in  Table  3.  To  solve  the  simple  annealing  cases,  as  dis- 
cussed in  Chapter  I,  only  three  species  are  required.  Consequently,  Eq . 
(15)  can  be  simplified  by  dropping  the  last  equation  and  the  associated 
coupling  terms  from  the  remaining  equations.  The  importance  of  this  sim- 
pler case  is  threefold.  First,  the  annealing  mechanism  in  this  simpler 
case  is  also  present  in  more  complicated  cases.  Second,  in  these  cases, 
after  35  minutes  of  isothermal  annealing,  the  enhanced  diffusion  reduces 
to  ordinary  diffusion.  Hence,  this  set  of  equations  should  also  apply 
to  ordinary  diffusion  if  appropriate  initial  conditions  are  used.  Third, 
the  enhanced  diffusion  mechanism  at  the  outset  of  the  anneal  is  also  re- 
sponsible for  the  enhancement  in  diffusion  produced  by  proton  implants. 
Consequently,  the  three  species  model  should  be  capable  of  predicting 
ordinary  diffusion,  proton  enhanced  diffusion,  and  the  simpler  annealing 
cases  in  Table  3.  And,  if  the  three  species  model  is  extended  to  include 
boron  precipitate  and  boron  trapped  by  dislocation  dipoles,  then  the  more 
general  model  in  Eq.  (12)  can  also  predict  the  high  dose  implant  and  low 
annealing  temperature  cases  in  Table  3. 

Let  us  outline  now  the  necessary  steps  for  solving  the  equations  of 
the  annealing  model.  First  of  all,  a set  of  parameters  is  to  be  estimated 
based  on  thermodynamic  considerations  and  experimental  data.  Then  we  will 
recall  the  discussions  in  Chapter  I and  establish  the  initial  conditions 
for  the  annealing  problem.  With  these  elements,  we  can  now  integrate  the 
set  of  coupled  partial  differential  equations.  This  is  an  initial  value 
problem,  and  the  solution  is  implemented  using  numerical  analysis  methods 
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on  a digital  computer.  The  results  of  the  integration  are  concentra- 
tions of  each  of  the  species  as  functions  of  time  and  space.  Details 
concerning  the  solution  are  given  in  Appendix  A.  In  order  to  evaluate 
the  effectiveness  of  the  model,  we  have  to  compare  the  calculated  re- 
sults with  experimental  data.  In  this  respect,  while  the  electrical 
carrier  concentration  profile  can  be  compared  directly  with  the  calcu- 
lated active  boron  profile  at  corresponding  times,  the  comparison  with 
other  experimental  data  requires  some  algebraic  manipulations.  For  in- 
stance, the  total  boron  concentration  determined  experimentally  using 
Secondary  Ion  Mass  Spectrometry  (SIMS)  is  to  be  compared  with  the  sum- 
mation in  Eq . (17) . 

C_  ( x , t ) = C ( x , t ) + C(x,t)  + C (x , t ) (17) 

o t>  DV  Dl 

total 

And,  the  electrical  activation  curve  is  to  be  compared  with  the  spatial 
integration  of  the  calculated  active  boron  profile  in  Eq . (18). 

>■+00 

ea(t)  = J Cg(x,t)  dx 


B . The  Selection  of  Parameters 

The  mathematical  model  presented  in  the  preceding  section  is  the 
result  of  inferences  drawn  from  the  discussions  in  Chapter  I.  Basically, 
the  complex  annealing  problem  is  broken  into  three  simpler  cases.  Then, 
the  reactions  dominant  in  each  of  the  aforementioned  cases  are  identi- 
fied. The  kinetics  of  these  reactions  are  then  modelled  by  first  order 
approximations  involving  parameters  with  physical  interpretations.  Our 
objective  in  this  section  is  to  estimate  the  numerical  values  of  these 
parameters  . 

In  typical  annealing  cases,  the  problem  is  less  complicated  and  the 
experimental  data  is  more  abundant.  Consequently,  it  is  possible  to  ap- 
ply thermodynamic  and  physical  considerations  in  the  estimation  of  the 
parameters.  Table  5 gives  a summary  of  the  estimated  values  of  the  pa- 
rameters, which  are  functions  of  temperature  only.  Hie  last  two  columns 
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THE  TEMPERATURE  DEPENDENT  PARAMETERS 


contain  the  preexponential  factors  and  the  activation  energies.  This  set 
of  parameters  is  the  backbone  of  the  annealing  model.  These  parameters 
control  the  redistribution  and  electrical  activation  of  boron.  They  are 
the  dominant  parameters  in  the  ordinary  diffusion  of  boron  and  in  the 
typical  annealing  cases  of  ion  implanted  boron  into  silicon.  In  high 
dose  implantation  and  low  annealing  temperature  cases,  these  parameters 
control  the  redistribution  and  electrical  activation  of  the  boron  aris- 
ing from  the  dissolution  of  boron  precipitates  or  the  boron  released 
from  the  annealing  of  dislocation  dipoles.  As  discussed  previously,  the 
modelling  of  precipitation  and  dissolution  as  well  as  the  trapping  of 
boron  by  dislocation  dipoles  and  the  subsequent  release  require  addi- 
tional parameters  such  as  solid  solubility  limits,  time  constants,  and 
so  on.  These  parameters  are  generally  obtained  from  more  empirical  con- 
siderations. A summary  of  all  the  parameters  and  their  relation  to  im- 
plantation dose  and  annealing  temperature  is  given  in  Table  6.  In  this 
manner,  Table  6 displays  mainly  the  parameters  associated  with  anomal- 
ies, while  Table  5 contains  the  parameters  controlling  the  main  diffu- 
sion mechanism.  The  data  in  Table  6 is  arranged  in  six  separate  groups. 
Each  group  is  a matrix  displaying  the  behavior  of  the  parameter  as  im- 
plantation dose  (horizontal)  and  annealing  temperature  (vertical)  are 
varied . 

We  shall  now  discuss  the  methods  used  in  the  estimation  of  the  pa- 
rameters in  Tables  5 and  6 . 

1 . Diffusion  Coefficients— Only  Functions  of  Temperature 

We  assume  that  substitutional  boron  diffuses  by  the  same 
mechanism  as  the  self  diffusion  of  silicon.  Therefore,  we  use  the  self 
diffusion  coefficient  of  silicon  [40]  for  D . For  positive  vacancies, 
we  use  the  diffusion  coefficient  proposed  by  Seidel  and  MacRae  [37]. 
Finally,  the  diffusion  coefficient  for  BV-pairs  is  estimated  from  vari- 
ous diffusion  experiments.  Hofker  and  coworkers  measure  the  enhanced 
diffusion  of  ion  implanted  boron  after  35  minutes  of  annealing.  The 
enhanced  diffusion  coefficient  they  obtain  is  shown  in  the  first  column 
in  Table  7.  Since  these  are  average  values,  they  provide  only  lower 
limits  for  the  value  of  D at  the  respective  temperatures.  As  an 
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Table  7 


THE  ESTIMATION  OF  Dfiv 


Enhanced 

Diffusion 

Coefficient 
by  Hofker  et  al 
(cm2/sec) 

Dgy  Estimated 
from  the  Dif- 
fusion of 

Annea led 
Profiles 
(cm2/sec) 

Dgy  Estimated 
from  the 
Ordinary 
Diffusion 
Coefficient 
(cm2/sec) 

Dgy  Used 
(cm2/sec) 

800  °C 

7.5  10-14 

2.51  10-14 

IQ'14 

900  °C 

1.4  10-14 

1.7  10“14 

7 IQ"14 

6.5  10-14 

„ , -14 

7 X 10 

1000 °C 

1.5  10-13 



9 ID'13 

8.5  10-13 

-13 

3.56  10 

alternative,  Anderson  and  Gibbons  estimate  the  value  of  D to  be  5.7  x 

-14  2 BV 

10  cm  /sec  at  750  C from  proton  enhanced  diffusion  experiments. 

Another  alternative  method  of  estimating  the  value  of  D is  based  on 

BV 

the  following  relation  between  diffusion  and  electrical  activity: 

D = D_,r  (1  - electrical  activity)  (19) 

exp  BV 


where  Dexp  is  the  diffusion  coefficient  measured  in  an  experiment, 
hence  the  sub index. 

The  discussion  and  derivation  of  this  relation  is  carried  out 

in  Appendix  B.  To  estimate  D , we  solve  Eq.  (19)  under  equilibrium 

BV 

conditions.  For  this  reason,  we  assume  that  the  electrical  activity  is 

98/  and  we  use  for  D the  experimental  diffusion  coefficients  mea- 

exp 

sured  under  equilibrium  conditions  by  Hofker  et  al  [2]  and  Kurtz  (see 
Table  1).  The  values  of  D^y  thus  estimated  are  shown  in  the  second 
and  third  columns  of  Table  7,  respectively.  In  the  fourth  column,  we 
show  the  values  used  in  the  present  work. 
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2. 


The  Equilibrium  Constant  in  the  Thermodynamic  Reaction 


At  thermal  equilibrium,  the  concentrations  of  reactants  and 
products  of  the  boron-BV-pair  reaction  are  given  by  the  following  ther- 
modynamic equation: 


C 


BV 


k C 

o B V 


(4) 


The  equilibrium  constant  kQ  of  this  reaction  can  be  calculated  from 
Eq.  (4)  as  follows.  Under  equilibrium  conditions,  such  as  in  an  ordi- 
nary diffusion,  the  electrical  activity  is  near  100$.  Assuming  again 
an  electrical  activity  of  98$  and  rearranging  Eq . (4),  we  obtain  the 
following  expression  for  kQ: 


k 

o 


(CBV/CB)  1AV 


eqail . , intrinsic. 


(20) 


where  Cy+  is  the  equilibrium  concentration  of  positive  vacancies  under 
intrinsic  conditions.  The  value  of  C^+  is  obtained  from  Eq . (8)  with 
the  Fermi  energy  level  at  the  middle  of  the  energy  band  gap.  Conse- 
quently, Cv+  is  a function  of  temperature  only. 

This  choice  of  C . and  the  method  for  selecting  D_„  insure 
V"r  bv 

that,  when  the  electrical  activity  reaches  98$,  the  overall  diffusion 
coefficient  will  approach  to  the  value  obtained  from  ordinary  diffusion 
experiments  under  intrinsic  conditions.  From  a different  viewpoint, 
this  choice  of  Cv+  is  responsible  for  the  modelling  of  high  dose  and 
substrate  doping  effects  by  allowing  the  actual  concentration  of  posi- 
tive vacancies  to  alter  the  position  of  active  to  inactive  boron  [Eq. 
(6)1. 


3 . Equilibrium  Concentration  of  Positively  Charged  Vacancies 

The  equilibrium  concentration  of  positive  vacancies  Cv+  is 

eq 

. n>"«i»nt  <>n  the  energy  level  E^,  the  Fermi  energy  level  Ep;  the 
mmtm  - tir-  T and  the  concentration  of  neutral  vacancies  Cy0t  which 
. ♦ n f temperature  only  [36] . 
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where  Ey+  = 0.35  eV  above  the  valence  band  edge.  The  Fermi  level  is 
calculated  using  approximations  to  the  Fermi-Dirac  integral  of  order  1/2 
(Blakemore  [41]).  Hence,  doping  degeneracies  are  accounted  for.  It  is 
worthwhile  to  emphasize  that  the  apparent  concentration-dependent  diffu- 
sion coefficient  of  boron  is  achieved  in  this  model  through  the  Fermi 
level.  A high  substitutional  boron  concentration  shifts  the  Fermi  level 
closer  to  the  valence  band  edge,  thus  increasing  the  concentration  of 
positive  vacancies  (Ey  = 0.35  eV  above  the  valence  band).  This,  in 
turn,  increases  the  ratio  of  BV-pairs  to  substitutional  boron,  increas- 
ing the  overall  diffusion  of  boron. 

4 . t,  The  Lifetime  of  BV-Pairs 

This  parameter  is  estimated  from  the  diffusion  length  associ- 
ated with  the  BV-pairs,  the  fast  diffusing  specie  of  finite  lifetime. 

If  we  assume  that  the  distance  x travelled  by  the  profile  tail  is 
twice  the  diffusion  length,  then  we  can  solve  for  r in  the  following 
expression : 


x = 2JVT 

where  the  distance  x is  measured  from  the  isochronal  annealing  pro- 
files in  Fig.  5a,  after  Hofker  et  al.  The  values  of  x at  annealing 
temperatures  in  the  range  of  800 °C  to  1000 °C  are  shown  in  the  first 
column  of  Table  8.  It  is  appropriate  to  comment  that  the  values  of  x 
thus  obtained  are  more  representative  of  the  enhanced  d if  f us  ion  at  800°C 
than  at  1000°C.  The  reason  for  this  is  that,  for  a fixed  anneal ing  time 
of  35  minutes,  the  contribution  of  ordinary  diffusion  is  less  signifi- 
cant at  lower  temperatures  than  at  higher  temperatures.  Consequently, 
the  estimate  of  t at  1000 °C  is  probably  an  upper  limit.  The  values  of 

t calculated  in  this  manner  using  the  values  of  D estimated  previ- 

BV 

ously  are  shown  in  the  second  column  of  Table  8.  As  a comparison,  we 
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Table  8 


THE  ESTIMATION  OF  THE  LIFETIME  OF  BV-PAIRS 


x Measured 
from  the 
Annealing  of 
10^  Dose 
Implants 
(pm) 

T Estimated 
from  Dgy 
Used 
(sec) 

T Estimated 
from 

Enhanced 

Diffusion 

Coefficient 

(sec) 

T 

Used 

(sec) 

800  °C 

0.110 

3000 

— 

2780 

900  °C 

0.079 

230 

1150 

550 

1000 °C 

0.180 

270 

540 

140 

repeat  the  calculation  using  the  enhanced  diffusion  coefficient  deter- 
mined by  Hofker  et  al  ; the  results  of  this  second  estimation  are  shown 
in  the  third  column.  An  alternative  way  to  obtain  the  value  of  t is 
to  solve  the  set  of  diffusion  equations  with  initial  conditions  for  an 
ordinary  diffusion.  Then,  the  values  of  x are  chosen  to  fit  experi- 
mental ordinary  diffusion  profiles.  The  values  of  t we  use  in  the 
calculations  are  presented  in  the  fourth  column  of  Table  9. 


5 . The  Lifetime  of  Vacancies 

The  lifetime  of  vacancies  is  estimated  from  the  diffusion 

”6 

length  of  vacancies.  We  vise  the  diffusion  length  of  1.78  x 10  cm  at 
■>0°C,  after  Tsuchimoto  et  al  [42],  The  corresponding  value  of  com- 
puted from  this  diffusion  length  and  the  diffusion  coefficient  estimated 

-5  -4 

previously  is  8.3  10  sec,  approximately  10  sec.  It  is  apparent  that 
Ty  is  much  smaller  than  t.  Consequently,  provided  that  this  strong 
inequality  is  preserved,  the  annealing  calculations  will  be  rather  in- 
sensitive to  the  actual  value  of  x^.  For  this  reason,  the  lack  of  more 

data  on  the  diffusion  length  of  vacancies  does  not  create  a problem,  and 

-4 

we  can  use  the  value  of  10  sec  for  at  all  temperatures.  It  is 

evident  that,  if  more  data  were  available,  then  we  could  have  estimated 
a vacancy  lifetime  that  is  temperature  dependent. 
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In  summary,  with  the  exception  of  which  is  assumed  to 

be  constant,  all  the  other  parameters  are  functions  of  temperature  only. 
To  emphasize  this  dependence,  we  use  the  following  representation.  The 
dotted  lines  within  the  matrix  (a)  in  Table  6 enclose  sets  of  values 
that  are  invariant  with  implantation  dose,  but  dependent  on  the  anneal- 
ing temperature.  As  mentioned  previously,  the  parameters  that  follow 
hereafter  are  associated  with  anomalies  arising  from  the  annealing  of 
implantation  damage,  high  dose  implants,  and  low  annealing  temperatures. 


6.  T_AW,  Damage  Annealing  Time  Constant 
DAM  

This  parameter  characterizes  the  time  evolution  of  vacancy 
clusters  during  annealing.  Figures  9 and  10  show  the  presence  of  these 
vacancy  sources  in  the  transmission  electron  micrographs  corresponding 
to  5 minutes  of  annealing  at  800 °C.  At  800 °C  and  900 °C,  because  of  the 
longer  lifetime  of  BV-pairs  (>  10  min),  the  release  of  vacancies  from 
vacancy  clusters  « 10  min)  does  not  alter  the  boron-BV-pa ir  reaction 
significantly.  On  the  other  hand,  at  1000°C  the  lifetime  of  BV-pairs 
is  only  140  sec.  Consequently,  the  simultaneous  generation  of  vacancies 
slows  down  the  conversion  of  BV-pairs  into  active  boron,  prolonging  lo- 
cally the  enhanced  diffusion.  This  effect  is  only  observable  at  high 
temperatures  and  short  annealing  times  because,  at  longer  annealing 
times,  it  is  masked  by  ordinary  diffusion.  In  our  calculations,  we  use 
the  value  of  40  sec  for  t at  1000°C  (see  Table  6b). 

At  lower  temperatures , we  can  deduce  from  transmission  electron 

micrographs  and  the  lifetime  of  BV-pairs  that  the  bounds  of  t are 

DAM 

larger  than  40  sec  and  smaller  than  550  sec,  respectively. 


7 . Solid  Solubility  Limit  (SSL) 

The  solid  solubility  limit  is  a function  of  temperature  only. 
Table  6c  shows  the  values  we  use  in  the  calculation.  These  values  are 
comparable  to  the  experimental  values  by  Vick  et  al  [43] . 
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8 . Threshold  Concentration  Level  for  the  Formation  of  Dislocation 
Dipoles 

We  use  this  parameter  to  represent  the  trapping  of  boron  by 
dislocation  dipoles.  It  is  obvious  that,  functionally,  this  threshold 
level  will  produce  the  desired  fraction  of  electrically  inactive  and  im- 
mobile boron  that  we  propose  to  be  trapped  by  dislocation  dipoles.  Phys- 
ically, this  parameter  represents  the  composite  effects  of  a sequence  of 
complex  events  depicted  by  the  transmission  electron  micrographs;  viz., 
the  formation  of  dislocation  dipoles  and  the  trapping  of  boron.  As  a 

consequence,  C cannot  be  obtained  from  simple  physical  arguments. 
18  -3 

The  value  of  4 x 10  cm  for  C at  800°C  is  first  obtained  from  the 

14  UD 

inspection  of  Fig.  4 (10  dose)  and  then  varied  to  optimize  the  fit  to 
experimental  data.  At  higher  temperatures , in  the  lower  left-hand  side 
of  Table  6d , we  can  infer  from  the  transmission  electron  micrographs  at 
900°C  that  the  formation  of  dislocation  dipoles  and  their  subsequent  an- 
nealing occurs  so  rapidly  that  the  effects  on  annealing  are  not  observ- 
able. It  is  for  this  reason  that  the  corresponding  values  of  CDp  are 
not  estimated.  At  the  right-hand  side  of  Table  6d , we  assume  that  all 
the  immobile  boron  are  precipitates  that  arise  from  exceeding  the  SSL. 
For  this  reason,  we  use  the  values  of  the  solid  solubility  limit  for  C 

in  this  region  of  the  table,  lastly,  TEM  indicates  the  presence  of  dis- 

15 

location  dipoles  during  the  900 °C  annealing  in  the  case  of  the  10  ions/ 
2 

cm  dose  implant.  And,  we  find  that,  by  incorporating  the  effects  of 

dislocation  dipoles  in  the  conventional  annealing  model,  we  can  improve 

slightly  the  fit  between  the  calculated  and  the  experimental  profiles. 

19  -3 

We  use  the  value  of  5 x 10  cm  for  CpD  in  this  case. 

9.  Time  Constants  Associated  with  Precipitation  and  the  Trapping 
of  Boron  by  Dislocation  Dipoles 

In  the  low  annealing  temperature  cases,  the  sequence  of  trans- 
mission electron  micrographs  show  that  the  trapping  of  boron  by  disloca- 
tion dipoles  occurs  early  during  annealing.  In  the  high  dose  implant 
cases,  we  assume  that  the  precipitation  of  boron  takes  place  rapidly.* 


It  is  possible  that  precipitation  has  occurred  prior  to  annealing. 
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For  these  reasons,  the  only  requirement  for  the  value  of  this  time  con- 
stant is  for  it  to  be  small.  We  choose  both  parameters  to  be  1 sec  ar- 
bitrarily . 

10 . Time  Constant  Associated  with  the  Dissolution  of  Precipitates 
and  the  Release  of  Boron  from  Dislocation  Dipoles 

In  the  high  dose  implant  cases,  the  dissolution  is  so  slow 

8 

compared  to  the  35  minute  anneal  that  t TOO  is  chosen  to  be  10  sec, 

DISS 

an  arbitrarily  large  value.  In  the  low  annealing  temperature  cases,  we 

estimate  t from  the  electrical  activation  data  by  Seidel  and  MacRae 
REL 

[18].  According  to  these  authors,  the  time  to  reach  90$  electrical  ac- 

3 5 

tivity  at  800°C  are  6 x 10  and  1.8  10  sec  for  implantation  doses  of 

14  15  2 4 

10  and  10  ions/cm  , respectively.  We  use  the  values  of  2.4  10  and 

5 

3.6  10  sec  in  the  calculation. 

In  summary,  Table  6 presents  the  global  features  of  the  an- 
nealing problem  by  displaying  the  relation  of  implantation  dose  and  an- 
nealing temperatures  to  the  parameters  in  the  model,  hence  to  the  vari- 
ous mechanisms  that  prevail  during  annealing.  The  parameters  associated 
with  the  annealing  of  damage,  high  dose  implants,  and  low  annealing  tem- 
peratures are  estimated  from  a more  limited  amount  of  data.  Functionally 
they  account  for  the  formation  of  the  immobile  and  electrically  inactive 
phase  of  boron  and  the  subsequent  transformation  into  BV-pairs.  Here- 
after, the  behavior  of  the  BV-pairs  is  governed  by  the  set  of  parameters 
in  Table  5.  This  other  subset  of  parameters  describe  the  redistribution 
and  electrical  activation  of  ion  implanted  boron.  They  describe  ordinary 
diffusion  with  high  dose  anomalies.  They  describe  the  enhanced  diffusion 
of  boron  and  subsequent  reduction  to  ordinary  diffusion.  And,  they  de- 
scribe the  enhancement  in  diffusion  produced  by  proton  implants.  This 
subset  of  parameters  in  the  model  encompass  the  main  issues  in  the  an- 
nealing problem  and  their  importance  cannot  be  overstated. 

C.  The  Initial  Conditions 

To  solve  the  initial  value  problem  described  by  the  set  of  coupled 
partial  differential  equations,  we  need  the  following: 
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(a)  a set  of  parameters  as  estimated  in  the  preceding  section 


(b)  a set  of  initial  conditions,  one  for  each  of  the  indepen- 
dent variables : 

Cg(x,t) 

for  t = 0 (22) 

Cy+(X | t ) 

CBi(x,t) 


Naturally,  the  initial  conditions  are  particular  to  a specific  problem. 
In  this  section,  our  objective  is  to  elaborate  on  those  initial  condi- 
tions pertinent  to  the  annealing  of  B in  Si. 

The  detailed  discussion  with  regard  to  the  overall  annealing  be- 
havior can  be  found  in  Chapter  I.  In  that  discussion,  special  attention 
is  devoted  to  the  state  of  the  boron-silicon  system  at  the  outset  of  the 
anneal.  In  particular,  the  initial  state  of  the  silicon  substrate  con- 
taining the  as-implanted  boron  atoms  is  carefully  analyzed.  For  this 

reason,  we  can  formulate  the  initial  conditions  of  interest  by  simply 

recalling  the  results  in  Chapter  I. 

The  as-implanted  profile  as  determined  by  secondary  ion  mass  spec- 
trometry is  shown  in  Fig.  11.  The  vacancy  concentration  profile  is  cal- 
culated from  the  Frenkel-pa irs  produced  by  the  70  KeV  incident  boron 
ions  as  they  deposit  energy  into  atomic  processes  [38]  along  their  tra- 
jectories. In  what  follows,  we  will  make  the  conservative  assumption 

that  as  the  boron  atoms  come  to  rest  they  will  all  combine  with  nearby 

vacancies  to  form  BV-pairs,  which  are  electrically  inactive.  Hence,  at 
the  outset  of  the  anneal,  the  electrical  activity  is  zero.  Although  a 
nonzero  activity  is  more  reasonable,  it  will  also  require  an  initial 
profile  for  the  electrically  active  boron.  At  present,  we  do  not  wish 
to  introduce  this  unknown.  In  other  words,  the  initial  profiles  of 
boron  and  BV-palr  are  the  null  and  the  as-implanted  profiles,  respec- 
tively. With  regard  to  the  immobile  boron  present  in  high  dose  implant 
and  low  annealing  temperature  cases,  we  assume  that  the  initial  concen- 
tration profile  is  identically  zero.  This  is  in  agreement  with  the 
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transmission  electron  micrographs  of  samples  annealed  at  low  tempera- 
tures for  short  times  (Figs.  9 and  10).  However,  for  the  case  of  the 
precipitates  present  in  high  dose  implants,  this  is  strictly  an  assump- 
tion. An  alternative  approach  of  assigning  fractions  of  the  as-implanted 
boron  profiles  to  the  BV-pairs  and  immobile  boron  could  be  as  adequate. 
Transmission  electron  micrographs  also  indicate  that  the  high  vacancy 
concentration  in  Fig.  11  will  condense  first  into  vacancy  clusters  and 
vacancy  dislocation  loops  imbedded  in  a background  of  vacancies  at  equi- 
librium concentration.  Then,  these  defects  will  anneal,  transform,  and 
release  vacancies  very  rapidly.  For  this  reason,  we  use  the  equilibrium 
concentration  of  positive  vacancies  as  the  initial  condition.  In  most 
instances,  the  release  of  vacancies  from  the  annealing  defects  has  little 
overlap  in  time  with  the  boron-BV-pa ir  reaction.  Therefore,  the  effects 
are  negligible.  And,  when  the  vacancies  released  rrom  the  vacancy  clusters 
and  dislocation  loops  do  interact  with  the  annealing,  we  use  the  genera- 
tion term  in  the  vacancy  equation  to  model  a pulse  of  vacancies  that  is 
distributed  in  space  in  accordance  with  the  energy  deposition  profile. 

In  summary,  the  initial  conditions  are: 


(x,o) 

(x,o) 

(x,o) 

(x,t) 


= 0 

= As-Implanted  Boron  Profile 


= 0 


(23) 


We  recall  that  the  primary  input  to  the  model  is  the  history  of  the  sub- 
strate summarized  by  two  distributions:  the  as-implanted  boron  profile 
and  the  distribution  of  energy  deposited  into  nuclear  processes  by  the 
boron  ions.  We  can  appreciate  now  that,  in  this  implementation  of  the 
annealing  problem,  the  as-  mplanted  B profile  becomes  an  initial  condi- 
tion, while  the  energy  deposition  profile  becomes  the  space  dependence 
of  the  vacancy  generation  term. 
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Chapter  III 

COMPARISON  OF  CALCULATED  AND  EXPERIMENTAL  RESULTS 

With  the  choice  of  parameters  and  initial  conditions  described  in 
the  preceding  chapter,  we  can  proceed  to  solve  the  annealing  behavior 
of  ion  implanted  boron  into  silicon.  The  results  of  the  calculations 
corresponding  to  the  cases  in  Table  3 can  be  structured  in  three  canon- 
ical groups: 

(1)  typical  annealing  cases 

(2)  high  dose  cases 

(3)  low  annealing  temperature  cases 

Each  group  has  characteristic  features  that  are  manifest  in  the  equa- 
tions, reaction  kinetic  terms,  and  parameters.  And,  these  characteris- 
tics features  are  consequences  of  special  conditions  present  at  certain 
implantation  dose  and/or  annealing  temperatures.  For  these  reasons,  we 
present  the  results  of  the  calculations  following  the  same  organization. 

A.  Typical  Annealing  Cases 

The  result  of  the  calculation  with  the  initial  condition  corre- 
14  2 

sponding  to  the  10  ions/cm  dose  implant  and  the  parameters  for  the 
900 °C  anneal  is  shown  in  Fig.  15.  The  atomic  concentration  is  repre- 
sented on  the  vertical  logarithmic  scale,  and  the  depth  in  microns  into 
the  silicon  substrate  is  represented  linearly  on  the  horizontal  axis. 
The  as-implanted  profile  determined  experimentally  by  Hofker  et  al  [2] 
is  represented  by  the  dotted  line.  Upon  annealing,  the  BV-pairs  in  this 
profile  diffuse  and  convert  into  substitutional  boron.  Hence , a sequence 
of  electrically  active  boron  profiles  will  develop  with  time.  Figure  15 
shows  calculated  profiles  after  1,  3,  10,  and  35  minutes  of  annealing 
with  corresponding  electrical  activities  of  10,  28,  65,  and  94  percent. 
The  total  boron  concentration  at  35  minutes  is  represented  by  triangles  ; 
the  fit  to  the  solid  line  representing  the  experimental  SIMS  profile  is 
excellent.  Since  the  ordinary  diffusion  of  boron  at  900 °C  would  only 
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Fig.  15.  THE  ANNEALING  OF  A 10  IONS/CM  DOSE 
B IMPLANT  AT  900°C.  The  comparison  of  calcu- 
lated and  experimental  results. 


modify  the  as-implanted  profile  very  slightly,  the  fit  between  the  cal- 
culated results  and  the  deeper  experimental  profile  is  indicative  of  the 
existence  of  enhanced  diffusion  which  progressively  diminishes  to  the 
ordinary  diffusion  rate  as  the  electrical  activity  approaches  100$>.  The 
calculated  results  are  thus  in  good  agreement  with  the  experimental  ob- 
servations of  Hofker  and  coworkers  [2], 

15 

Figure  16  shows  the  results  of  the  calculation  for  the  10  ions/ 

2 

cm  dose,  which  produces  an  order  of  magnitude  increase  in  the  impurity 
and  damage  profiles.  We  show  again  the  evolution  of  the  calculated 


70 


1 


Fig.  16.  THE  ANNEALING  OF  A 1C15  IONS/CM2  DOSE 
B IMPLANT  AT  900 °C.  The  comparison  of  calcu- 
lated and  experimental  results  . 


active  boron  concentration  with  time,  and  we  compare  the  calculated  to 
tal  boron  concentration  represented  by  triangles  with  the  experimental 
SIMS  profile  represented  by  the  solid  line.  Again,  the  fit  is  excellent. 
We  wish  to  comment  that  this  basic  result  can  be  obtained  from  two  al- 
ternative calculations,  by  including  or  excluding  the  trapping  effects 
of  boron  by  dislocation  dipoles,  although  there  is  a slight  loss  of  ac- 
curacy if  the  effects  of  the  dislocation  dipoles  are  neglected.  Figure 
16  depicts  the  results  of  the  calculation  that  includes  the  trapping  of 
boron  by  defects  . 
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Next,  we  show  the  calculated  results  corresponding  to  the  10  and 
15  2 

10  ions/cm  dose  boron  implants  annealed  at  1000°C  in  Figs.  17  and  18. 
From  the  inspection  of  these  figures,  we  can  appreciate  that  at  1000 °C 
the  electrical  activation  of  boron  is  more  rapid.  This  quicker  activa- 
tion is  the  consequence  of  the  shorter  lifetime  of  BV-pairs  at  1000°C. 
At  this  temperature,  we  can  notice  the  effects  of  the  vacancies  released 
from  the  vacancy  cluster  that  anneal  very  rapidly  (at  the  outset  of  the 
anneal).  This  excess  vacancy  concentration  retards  the  conversion  of 
BV-pairs  into  active  boron,  hence  prolonging  the  initial  enhancement  in 


Fig.  17.  THE  ANNEALING  OF  A 1014  I0NS/CI<2  DOSE 
B IMPLANT  AT  1000 °C.  The  comparison  of  calcu- 
lated and  experimental  results. 
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Fig . 18.  THE  ANNEALING  OF  A 1015  IONS/CM2  DOSE 
B IMPLANT  AT  1000°C.  The  comparison  of  calcu- 
lated and  experimental  results  . 


diffusion.  It  is  for  this  reason  that,  for  short  annealing  times,  the 
inclusion  of  the  generation  term  in  the  vacancy  equation  contributes  to 
the  improvement  of  the  fit  to  the  experimental  data.  Naturally,  at 
longer  annealing  times,  the  enhanced  diffusion  is  overwhelmed  by  the 
greater  ordinary  diffusion  at  higher  temperatures  and  the  aforementioned 
improvement  becomes  less  noticeable.  We  can  state  from  a different 
viewpoint  that:  for  the  case  of  a long  annealing  at  high  temperature, 
the  neglect  of  the  vacancy  generation  term  in  the  calculation  will  not 
cause  significant  errors. 
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The  comparison  of  the  experimental  electrical  activation  of  boron 
versus  time  by  Seidel  and  MacRae  [18]  with  the  calculated  results  from 
some  of  the  previous  examples  is  shown  in  Fig.  19.  The  agreement  is 
good  for  long  times.  For  short  times,  we  attribute  the  difference  to 
our  initial  condition  of  zero  electrical  activity  at  the  outset  of  the 
anneal.  As  discussed  previously,  we  expect  improvements  with  a nonzero 
initial  condition  for  the  electrical  activity.  The  nonzero  initial 
electrical  activity  is  generally  attributed  to  room-temperature  anneal- 
ing of  the  implanted  silicon  substrate.  We  can  apply  this  idea  to  the 
interpretation  of  the  calculated  electrical  activity  result  in  Fig.  19 
and  to  obtain  an  alternative  set  of  initial  conditions.  For  instance, 

if  t is  the  instant  in  time  at  which  the  desired  electrical  activity 
o 

is  attained,  then  the  annealing  prior  to  t is  due  to  room-temperature 
annealing  and  only  the  electrical  activation  of  boron  after  t is  at- 
tributable to  the  annealing  at  the  elevated  temperature.  In  other  words, 


Fig.  19.  THE  COMPARISON  OF  CALCULATED  ELECTRICAL  AC- 
TIVITY VERSUS  TIME  WITH  EXPERIMENTAL  ISOTHERMAL  RE- 
SULTS BY  SEIDEL  AND  MacRAE.  Dose:  1014  ions/cm2, 
900 °C. 


74 


r- 


A059  752 


UNCLASSIFIED 


STANFORD  UNIV  CALIF  INTEGRATED  CIRCUITS  LAB  F/G  9/5 

COMPUTER  AIDED  ENGINEERING  OF  SEMICONDUCTOR  INTEGRATED  CIRCUITS— ETC (U) 
JUL  78  J 0 MEINDLt  K C SARASWAT • R N DUTTON  DAAB07-77-C-2684 

DELET-TR-77-2684-2  NL 


the  experimental  result  should  be  compared  with  the  calculated  result 
shifted  in  time  by  t^  to  correct  for  room  temperature  annealing  ef- 
fects. Or,  equivalently,  a shift  in  time  would  not  be  required  if  the 
boron  and  BV-pair  profiles  at  tQ  were  the  initial  conditions  used  in 
the  calculation.  To  explore  the  validity  of  these  arguments,  we  use 
the  pertinent  profiles  at  tQ  = 2.5  minutes  as  initial  conditions  in 
the  subsequent  calculation.  We  find  that  the  calculated  data  points 
represented  by  'x's,  thus  obtained,  do  approximate  the  experimental 
electrical  activation  curve.  We  also  verify  that  shifting  the  time 
axis  of  the  original  calculation  by  t produces  equivalent  results. 
Namely,  subtraction  of  2.5  minutes  from  the  abscissa  of  each  original 
data  point  (calculated  using  the  zero  initial  electrical  activity) 
moves  the  calculated  data  closely  toward  the  experimental  curve. 

B . High  Dose  Cases 

Figure  20  shows  the  comparison  of  calculated  and  experimental  re- 

♦ X6  2 

suits  for  the  case  of  the  10  ions/cm  dose  boron  implant  annealed  at 
900 °C . The  slower  electrical  activation  is  a consequence  of  the  small 
dissolution  rate  of  boron  precipitates  am'  diffusion  effects,  as  we  will 
see.  There  are  plateaus  on  the  electrically  active  boron  profiles  cal- 
culated at  1,  3,  10,  and  35  minutes.  In  particular,  we  compare  the 
calculated  electrically  active  boron  profile  at  35  minutes  with  the 
corresponding  experimental  electrical  carrier  concentration  profile 
represented  by  the  squares.  The  theoretical  results  are  in  good  agree- 
ment with  the  experimental  data.  It  is  apparent  that  near  the  profile 
peak  there  is  an  immobile  and  electrically  inactive  fraction  of  boron. 
This  fraction  is  composed  of  boron  precipitates  because  the  boron  con- 
centration is  in  excess  of  the  srolid  solubility  limit  at  the  annealing 
temperature.  Both  theoretical  and  experimental  results  exhibit,  upon 
annealing,  a decrease  in  the  width  of  the  immobile  fraction  near  the 
profile  peak.  This  change  of  shape  is  due  to  the  dissolution  of  boron 


*In  the  1016  ions/cm2  dose  cases,  the  annealed  profiles  by  Hofker  et  al 
[2]  have  been  corrected  for  the  30$  ion  yield  increased  in  the  precip- 
itation area  observed  by  the  authors. 
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B IMPLANT  AT  900 °C.  The  comparison  of  calcu- 
lated and  experimental  results. 

in  this  area.  The  dissolution  takes  place  because  diffusion  has  de- 
pleted the  mobile  boron,  upsetting  the  equilibrium  concentrations  of 
precipitated  and  nonprecipitated  boron.  Therefore,  the  dissolution  is 
not  only  limited  by  the  dissolution  rate  of  boron  precipitates,  but  it 
is  also  governed  by  the  diffusion  process.  The  relative  importance  of 
this  diffusion  can  be  assessed  from  inspection  of  Fig.  21.  In  this 
figure,  we  compare  the  total  calculated  boron  concentration  at  800°C 
through  1000°C  with  the  experimental  SIMS  profiles.  It  is  apparent 
that  at  800°c  the  diffusion  is  very  slight  and  the  profile  peak 
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Fig.  21.  THE  ANNEALING  OF  A 10  IONS/CM  DOSE 
B IMPLANT  IN  THE  TEMPERATURE  RANGE  OF  800 °C 
TO  1000 °C. 


remains  identical  to  the  as-implanted  profile.  At  900°C,  the  diffusion 
is  appreciable  and  we  can  observe  a decrease  in  the  width  of  the  top 
portion  of  the  profile  peak  upon  annealing.  At  1000°C,  the  diffusion 
is  important  and  the  removal  of  boron  from  the  high  concentration  area 
is  quite  conspicuous.  In  summary,  the  electrical  activation  of  boron 
in  the  annealing  of  high  dose  implants  is  controlled  by  both  the  dis- 
solution rate  of  the  precipitates  and  by  the  diffusion  of  the  mobile 
boron . 
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Low  Annealing  Temperature  Cases 


show  the  evolution  of  the  calculated  electrically  active  boron  profiles 
at  1,  3,  10,  and  35  minutes,  and  we  compare  the  35  minute  profile  with 
the  experimental  electrical  carrier  concentration  profile  at  the  corre- 
sponding time.  We  also  show  the  fit  between  the  calculated  total  boron 
concentration  profile  with  the  experimental  SIMS  profile  by  Hofker  et 
al  [2],  The  agreement  is  quite  good  in  both  comparisons.  We  can  also 
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Fig.  22.  THE  ANNEALING  OF  A 10  IONS/CM  DOSE 
B IMPLANT  AT  800 °C.  The  comparison  of  calcu- 
lated and  experimental  results . 
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compare  the  electrical  activation  predicted  by  this  calculation  with  the 
experimental  activation  curve  by  Seidel  and  MacRae  in  Fig.  23.  We  can 
see  that  again  the  zero  initial  electrical  activity  in  this  calculation 
is  responsible  for  the  discrepancy  between  the  two  curves  at  short  an- 
nealing times.  As  in  the  previous  instance,  we  attribute  to  room-tem- 
perature annealing  the  electrical  activation  of  boron  until  the  desired 
initial  electrical  activity  is  attained,  and  we  compare  the  experimental 
annealing  curve  with  the  corrected  calculated  electrical  activation 
curve.  The  corrected  data  points  are  represented  by  'x's  and  they  are 
obtained  by  shifting  the  time  axis  by  t = 15  minutes.  We  can  see  now 
that  the  corrected  calculated  points  are  in  agreement  with  the  experi- 
menta 1 curve . 


Fig.  23.  THE  COMPARISON  OF  CALCULATED  ELECTRICAL 
ACTIVITY  VERSUS  TIME  WITH  THE  EXPERIMENTAL  ISO- 
THERMAL RESULT  BY  SEIDEL  AND  MacRAE.  Dose:  1014 
ions /cm2 , 800  °C . 


Next,  we  show  in  Fig.  24  the  result  of  the  calculation  performed 

15  , 2 

with  the  same  set  of  parameters  for  the  10  ions/cm  dose  annealed  at 
the  same  temperature.  In  this  figure,  wo  show  the  comparison  of  the 
calculated  total  boron  concentration  with  the  experimental  SIMS  profile. 
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Fig.  24 . THE  ANNEALING  OF  A 1015  IONS/CM2  DOSE 
B IMPLANT  IN  THE  TEMPERATURE  RANGE  OF  800 °C 
TO  1000 °C. 


We  recall  that  with  the  higher  dose  implant  the  defect  density  is  also 
higher  and  the  fraction  of  immobile  boron  trapped  by  dislocation  dipoles 
also  increases.  This  larger  fraction  of  immobile  boron  produces  a more 
pronounced  'shoulder-like  structure'  in  the  annealed  profile.  We  also 
include  in  this  figure  the  calculated  annealed  boron  profiles  for  900°C 
and  1000 °C  to  show  that  there  is  a significant  change  in  the  shape  of 
the  annealed  profile  as  the  annealing  temperature  is  varied.  The  agree- 
ment of  the  calculated  with  the  experimental  results  is  quite  good  in 


In  summary,  we  have  used  the  mathematical  annealing  model  in  con- 
junction with  the  set  of  parameters  in  Tables  6 and  7 to  calculate  the 
annealing  of  ion-implanted  boron  under  conditions  summarized  in  Table 
3.  These  conditions  include  a variation  of  two  orders  of  magnitude  in 
implantation  dose  and  annealing  temperature  in  the  range  of  800 °C  to 
1000 °C . In  the  calculations,  we  use  initial  conditions  and  parameters 
that  are  in  agreement  with  experiments  pertinent  to  the  annealing  prob- 
lem. The  main  group  of  parameters  are  obtained  using  procedures  that 
are  based  on  thermodynamic  and  physical  considerations.  In  other  in- 
stances, we  use  a single  parameter  to  represent  the  composite  effects 
of  several  phenomena.  Naturally,  more  detailed  modelling  is  possible 
in  these  cases  but,  based  on  the  good  agreement  between  the  calculated 
and  the  experimental  results , it  is  apparent  that  the  selected  set  of 
parameters  is  representing  indeed  the  major  elements  in  the  annealing 
problem  under  the  conditions  that  we  described. 
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Chapter  IV 

SUMMARY  AND  CONCLUSIONS 

A . The  Three  Stream  Diffusion  Model 

In  the  first  chapter,  we  studied  the  annealing  of  ion-implanted 
boron  into  silicon  and  we  reviewed  the  relevant  experiments  that  are 
of  central  importance  for  the  annealing  problem.  With  this  background, 
we  then  discuss  a general  diffusion  model  in  which  boron  atoms  interact 
with  positively  charged  silicon  vacancies  to  form  BV-pairs.  In  this 
interpretation,  the  diffusion  of  boron  becomes  a weighted  diffusion  with 
contributions  from  a slow,  electrically  active  fraction  (substitutional 
boron)  and  a fast,  electrically  inactive  fraction  (the  boron-vacancy 
pair).  The  presence  of  positive  vacancies  in  the  model  has  two  impor- 
tant consequences.  First,  a large  concentration  of  vacancies  in  excess 
of  the  equilibrium  concentration  level  will  modify  (by  virtue  of  the 
aforementioned  reaction)  the  relative  populations  of  the  two  forms  of 

boron,  hence  altering  the  overall  diffusion.  Second,  the  concentration 

* 

of  positive  vacancies  in  the  silicon  lattice  is  a function  of  the  Fermi 
level  in  the  bandgap.  This  Fermi  level  dependence  is  responsible  for 
high  concentration  anomalies  observed  in  diffusion  experiments. 

This  basic  three  stream  diffusion  model  is  capable  of  predicting 
ordinary  diffusion  of  boron,  proton  enhanced  diffusion,  and  a number  of 
important  cases  of  annealing.  In  the  ordinary  diffusion  problem,  the 
prevalent  fraction  of  substitutional  boron  under  equilibrium  conditions 
results  in  high  electrical  activity  and  slow  diffusion.  In  the  proton 
enhanced  diffusion  problem,  the  steady  state  proton  beam  produces  an 
excess  vacancy  concentration,  which  in  turn  creates  a large  concentra- 
tion of  BV-pairs.  This  predominance  of  BV-pairs  results  then  in  low 
electrical  activity  and  fast  diffusion.  A somewhat  similar  situation 
is  found  in  the  typical  annealing  cases  of  ion  implanted  boron.  In 
these  cases , the  majority  of  the  implanted  boron  ions  react  with  nearby 
vacancies  and  form  BV-pairs . Annealing  proceeds  then  with  the  conver- 
sion of  a large  population  of  BV-pairs  into  substitutional  boron.  Con- 
sequently, during  annealing , the  redistribution  of  boron  is  characterized 

83 


■ 


L 


by  an  initial  enhancement  in  diffusion  that  reduces  to  ordinary  diffusion 
rates  as  the  electrical  activity  increases  to  near  100 $. 

B • The  Relation  between  Diffusion  and  Electrical  Activity 

The  two  forms  of  boron  in  this  three  stream  diffusion  model  have 
dichotomous  attributes.  Namely,  substitutional  boron  is  electrically 
active  and  slow  diffusing;  on  the  other  hand,  the  boron-vacancy  pair  is 
electrically  inactive  and  fast  diffusing.  Because  of  this  dichotomy  and 
because  the  diffusion  of  the  total  boron  is  a weighted  diffusion  of 
these  two  species,  a relation  between  diffusion  and  electrical  activity 
ought  to  exist.  We  assume  near  100$  electrical  activity  in  the  selection 
of  parameters  to  fit  thermal  diffusion  experiments.  This  ensures  that, 
when  the  abnormally  high  concentration  of  boron  vacancy  pairs  that  is 
produced  by  the  implantation  has  annealed,  the  enhanced  diffusion  (asso- 
ciated with  the  initially  low  electrical  act.)  will  relax  to  ordinary 
diffusion  which  is  simply  the  near-thermal-equilibrium  solution  of  the 
set  of  equations.  The  analytical  analogue  of  this  discussion  is  carried 
out  in  Appendix  A.  The  boron  and  BV-pair  equations  are  combined  and  the 
predominance  of  D over  is  used  to  arrive  at  a single  approxi- 

mated diffusion  equation  for  total  boron.  In  this  equation,  we  can 
identify  the  overall  diffusion  coefficient  with  a product  of 

and  the  fractional  concentration  of  BV-pairs.  Furthermore,  the  frac- 
tional concentration  can  be  expressed  in  terms  of  electrical  activity. 
Hence,  we  arrive  at  a diffusion  coefficient  (the  only  one  accessible  in 
an  actual  experiment,  hence  the  subindex),  which  is  a function  of  the 
electrical  activity. 


D = D_,  — — = D (1  - electrical  activity)  (6) 

exp  BV  CBV  + CB  BV 

For  instance,  at  the  outset  of  the  900°C  anneal,  the  assumed  electrical 

activity  is  zero,  and  the  value  of  is  then  initially  equal  to  DgV* 

During  anneal,  as  the  electrical  activity  increases,  will  decrease. 

Finally,  when  the  electrical  activity  approaches  98$,  D will  ap- 

-15  2 exp 

proach  the  value  of  1.4  10  cm  /sec,  the  ordinary  diffusion  coeffi- 
cient of  boron  at  900°C  measured  in  thermal  diffusion  experiments. 
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High  Dose  and  Low  Annealing  Temperature  Anomalies 

In  the  typical  annealing  cases,  the  implantation  dose  is  moderate 
and  the  annealing  temperature  is  relatively  high.  These  conditions  en- 
sure that  the  redistribution  and  electrical  activation  of  boron  evolves 
following  the  description  in  the  preceding  paragraph.  However,  when  the 
implantation  dose  is  increased  sufficiently,  the  resultant  impurity  dis- 
tribution in  the  substrate  will  exceed  the  solid  solubility  limit  and  a 
precipitated  phase  will  form.  Naturally,  the  presence  of  this  immobile 
precipitated  phase  will  strongly  alter  the  redistribution  and  the  elec- 
trical activation  behavior  of  boron.  A different  situation  arises  when 
the  annealing  is  performed  at  low  temperature.  In  this  case,  many  kinds 
of  defects  form,  evolve,  and  interact  during  the  anneal.  The  annealing 
temperature  is  an  important  parameter  because  processes  have  different 
activation  energies  and  the  selection  of  the  temperature  determines  the 
duration  and  time  sequence  in  the  evolution  of  the  defects  and  the  like- 
lihood of  interactions  between  them.  In  particular,  we  are  interested 
in  defects  that  can  interact  with  the  implanted  impurity.  At  800 °C,  we 
have  indications  that  the  dislocation  dipoles  that  form  during  annealing 
are  capable  of  trapping  boron  atoms  in  their  associated  strain  fields; 
hence,  rendering  the  boron  immobile  and  electrically  inactive.  For  this 
reason,  the  redistribution  profiles  have  special  characteristics  when 
the  ion  implanted  boron  is  annealed  at  low  temperature.  The  electrical 
activation  in  these  ~ases  is  controlled  by  the  release  of  boron  from  the 
strain  fields  as  the  dislocation  dipoles  anneal  out.  We  wish  to  extend 
the  three  stream  diffusion  model  to  cover  these  high  dose  and  low  anneal- 
ing temperature  anomalies,  since  this  constitutes  a further  test  for  the 
basic  model . 

D.  The  Model  and  the  Parameiers 

The  mathematical  model  for  the  annealing  problem  is  basically  a dif- 
fusion model  extended  to  include  the  aforementioned  anomalies.  The  equa- 
tions express  in  mathematical  terms  the  diffusion  and  possible  interac- 
tions among  the  species.  Consequently,  the  essence  of  the  overall  model 
lies  in  the  modelling  of  each  diffusion,  each  interaction,  and  the  param- 
eters associated  with  each  phenomenon.  In  this  respect,  these  elements 
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are  the  links  to  the  physical  world  and,  in  particular,  the  plausibility 
of  the  values  of  the  parameters  is  indeed  an  indicator  of  the  validity 
of  the  model.  For  instance,  the  values  of  temperature  dependent  param- 
eters should  obey  simple  activation  energy  relations  and  they  should  be 
invariant  when  we  calculate  the  annealing  behavior  of  different  dose 
boron  implants  annealed  at  the  same  temperature. 

Figure  25  shows  the  temperature  dependence  of  the  parameters  in  the 
basic  diffusion  model.  The  horizontal  axis  is  linear  in  units  of  inverse 
temperature  in  degrees  Kelvin,  and  the  vertical  axis  is  a logarithmic 
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Fig.  25.  THE  TEMPERATURE  DEPENDENCE  OF 
PARAMETERS . 


86 


scale.  The  horizontal  arrows  adjacent  to  the  lines  give  for  each  param- 
eter the  appropriate  exponent  to  be  read  on  the  logarithmic  scale.  The 
straight  lines  in  this  semi-logarithmic  representation  indicate  that  the 
temperature  dependence  of  the  parameters  follows  indeed  a simple  activa- 
tion energy  relation.  This  result  is  extremely  important,  since  it  en- 
ables the  determination  of  the  set  of  parameters  once  the  temperature  is 
specified . 

The  remaining  parameters  are  given  in  Table  7.  In  some  cases,  the 
modelling  was  not  carried  to  the  extent  required  to  make  the  temperature 
dependence  apparent.  This  is  the  case  of  the  lifetime  of  vacancies,  the 
vacancy  generation  time  constant,  and  the  time  constants  associated  with 
the  precipitation  and  dissolution  of  boron.  For  instance,  the  require- 
ments on  the  latter  parameters  are  for  them  to  assume  very  small  and  very 
large  values,  respectively.  In  other  cases,  the  parameters  are  chosen 
to  represent  the  composite  effects  of  very  complex  phenomena.  Such  is 
the  case  for  the  threshold  concentration  level  for  the  trapping  of  boron 
by  dislocation  dipoles  and  the  release  of  boron  from  these  defects.  In 
these  cases,  the  representation  is  oversimplified  and  a more  detailed 
model  could  be  sought  if  necessary.  However,  based  on  the  quality  of 
the  calculations  in  the  preceding  chapter,  it  is  apparent  that  the  pres- 
ent scheme  captures  the  key  features  in  the  low  annealing  temperature 
and  high  dose  cases  as  well. 

E . The  Initial  Conditions 

We  wish  to  emphasize  that  the  equations  in  conjunction  with  the  pa- 
rameter set  constitute  a diffusion  model  with  provisions  for  high  dose 
and  low  annealing  temperature  anomalies.  But,  to  actually  solve  a par- 
ticular problem,  an  ordinary  diffusion,  a proton-enhanced  diffusion,  or 
an  anneal,  we  need,  in  addition,  the  set  of  appropriate  initial  condi- 
tions for  the  specific  problem.  In  the  preceding  chapter,  we  solved 
nine  cases  of  annealing  with  initial  conditions  for  boron  implanted  into 
silicon  at  room  temperature.  The  implantation  condition  is  of  impor- 
tance because  the  damage  produced  by  a low  mass  ion  is  light  and  there 
is  room  temperature  annealing  as  the  damage  is  being  produced.  Under 
these  conditions,  it  is  possible  to  assume  that  the  initial  vacancy 
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concentration  is  in  thermal  equilibrium  in  the  silicon  substrate.  This 
assumption  will  certainly  be  inadequate  for  a liquid  nitrogen  implant  or 
for  the  case  of  a heavy  ion  or  a high  dose  implant  that  produces  an  amor- 
phous damage  layer . 


F . Discussion 

Let  us  examine  a number  of  models  reported  in  the  literature.  These 
models  predict  different  aspects  of  the  annealing  problem  that  are  in- 
cluded in  our  formulation.  Table  9 is  a summary  of  models  proposed  for 
the  annealing  or  diffusion  of  boron  in  silicon.  We  list  the  number  of 
species  in  the  first  column.  In  the  second  and  third  columns,  we  indi- 
cate whether  the  model  is  capable  of  predicting  the  redistribution  or  the 
electrical  activation  of  boron  during  the  anneal.  In  the  fourth  column, 
we  list  a representative  source.  And,  the  last  column  contains  remarks 
pertinent  to  the  particular  model.  It  is  apparent  from  the  inspection 
of  Table  9,  that  the  proposed  annealing  model  predicts  both  the  redis- 
tribution and  the  electrical  activation,  as  a realistic  model  should. 

It  is  also  apparent  th«>t  the  proposed  model  is  more  complex.  In  this 
regard,  we  wish  to  offer  the  following  discussion. 

Our  annealing  model  Is  devoted  to  the  diffusion  of  boron  and  to  the 
annealing  of  ion  implanted  boron  under  a wide  range  of  implantation  dose 
and  annealing  temperatures.  For  this  reason,  a substantial  portion  of 
this  model  is  dedicated  to  the  anomalies  that  arise  when  the  implanta- 
tion dose  and  annealing  temperature  vary  over  a wide  range.  In  this  re- 
gard, on  one  hand,  it  may  be  desirable  to  extend  the  model  to  cover  other 
anomalies.  And,  the  general  nature  of  the  numerical  implementation  of 
the  solution  enables  additions  to  be  made  with  minor  modifications  of 
the  computer  program.  On  the  other  hand,  deletions  could  be  appropriate 
under  other  circumstances.  For  instance,  if  the  high  dose  and  low  an- 
nealing temperature  cases  are  of  little  interest,  then  the  three  stream 
diffusion  model  with  a subset  of  parameters  will  still  predict  ordinary 
diffusion,  proton  enhanced  diffusion,  and  the  typical  annealing  cases  of 
boron  implants  at  room  temperature.  This  reduced  model  is  still  very 
important  and  attractive  because,  once  the  parameters  associated  with 
the  anomalies  are  deleted,  the  remaining  parameters  have  simple  activation 
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energies  and  they  are  determined  by  the  specification  of  a single  varia- 
ble: the  temperature. 

Lastly,  we  would  like  to  elaborate  on  the  boron-BV-pa ir  reaction, 
the  principal  interaction  in  the  three  stream  diffusion  model.  In  the 
annealing  problem,  the  spontaneous  conversion  of  BV-pairs  into  substitu- 
tional boron  is  driven  by  the  reaction  rate,  which  is  rather  large  dur- 
ing the  anneal.  From  this  viewpoint,  it  is  apparent  that  the  boron-BV- 
pa  ir  reaction  is  the  dominant  process  in  the  annealing  problem.  However, 
in  other  problems,  especially  under  thermal  equilibrium  when  the  boron- 
BV-pair  reaction  rate  is  small,  it  may  be  appropriate  to  reexamine  the 
predominance  of  the  boron-BV-pair  reaction  over  other  possible  effects. 
For  instance,  depending  on  the  nature  of  the  problem  and  the  features 
one  wishes  the  model  to  predict,  it  may  be  necessary  to  consider  effects 
such  as  the  influence  of  internal  electric  fields  or  diffusion  induced 
stresses  due  to  the  mismatch  of  the  impurity  atoms  in  the  lattice. 

G . Conclus ion 

The  annealing  model  is  capable  of  predicting  boron  impurity  profiles 
under  conditions  of  ordinary  diffusion,  proton  enhanced  diffusion,  and 
radiation  enhanced  diffusion  of  the  sort  that  occurs  when  boron  is  im- 
planted at  room  temperature  and  subsequently  annealed.  In  the  latter 
case,  the  model  also  predicts  the  evolution  of  the  electrically  active 
boron  as  a function  of  space  and  time.  In  reference  to  practical  implan- 
tation and  annealing  conditions,  the  model  has  been  tested  for  all  the 
cases  in  Table  2.  In  this  wide  range  of  dose  and  annealing  temperatures, 
the  most  relevant  case  in  device  fabrication  are  in  the  lower  left  cor- 
ner. The  remaining  cases  are  perhaps  less  important  but  not  less  inter- 
esting since  the  abnormalities  are  a real  challenge  to  the  annealing 
model.  In  calculating  these  cases,  we  show  that  by  extending  the  basic 
approach  it  is  possible  to  generalize  the  model  to  predict  more  complex 
situations.  It  is  also  remarked  that  this  model  and  the  associated  pa- 
rameter set  are  universal  in  the  sense  that  the  same  equations  and  param- 
eters are  used  in  the  prediction  of  ordinary  diffusion,  proton  enhanced 
diffusion,  and  the  annealing  of  ion-implanted  boron  into  silicon  at  room 
temperature . 
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H . Suggestions  for  Future  Work 


It  is  apparent  that  this  annealing  model  enables  the  use  of  the 
accurately  calculated  as-implanted  profiles  in  the  calculation  of  anneal- 
ing profiles  for  the  case  of  boron  implants  at  room  temperature.  In  this 
manner,  the  device  designer  can  make  a better  use  of  the  range  calcula- 
tions that  are  available  for  a large  number  of  impurity-substrate  combi- 
nations. From  this  viewpoint,  it  seems  reasonable  to  suggest  that  perhaps 
similar  annealing  models  can  be  developed  for  other  commonly  used  impur- 
ities . 

Phosphorus  and  arsenic  are  the  most  commonly  used  n-type  dopants  in 
silicon.  It  is  generally  accepted  that  their  diffusion  in  silicon  is 
also  governed  by  a vacancy  mechanism.  Furthermore,  a large  body  of  work 
on  ordinary  diffusion,  diffusion  anomalies,  lattice  location,  and  an- 
nealing behavior  of  ion  implanted  phosphorus  and  arsenic  is  available  in 
the  technical  literature.  It  is  therefore  likely  that  a careful  review 
of  relevant  experiments  will  yield  key  attributes  for  the  diffusion  and 
the  annealing  of  these  impurities.  In  this  regard,  perhaps  the  subject 
of  possible  interactions  between  impurities  and  charged  vacancies  should 
be  examined.  Then,  with  some  basic  assumptions,  the  simplest  model  with 
the  most  essential  attributes  should  be  formulated  and  solved  . Undoubt- 
edly, many  iterations  of  the  described  sequence  will  be  necessary,  and 
the  availability  of  the  'diffusion  solver'  from  this  work  will  be  use- 
ful. 

We  wish  to  highlight  some  similarities  and  differences  between  the 
suggested  study  and  the  case  of  boron.  The  diffusion  of  phosphorus  and 
arsenic  exhibit  high  concentration  and  background  doping  effects.  Con- 
sequently, it  is  likely  that  the  Fermi  level  dependence  comes  from  in- 
teractions of  the  impurity  with  negatively  charged  vacancies  . It  is  also 
possible  that  more  than  one  kind  of  impurity-vacancy  complexes  coexist 
in  the  substrate  and  their  different  diffusive  attributes  give  rise  to 
anomalies  in  the  diffusion  profile.  Certainly,  the  most  important  dif- 
ference between  the  boron  and  the  phosphorus  or  arsenic  cases  is  the 
damage  that  results  from  the  implantation.  The  heavy  phosphorus  or  ar- 
senic ions  produce  extended  damage  clusters  in  the  lattice  as  the  ions 
come  to  rest.  In  these  cases,  the  room  temperature  annealing  rate  is 
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insufficient,  and  the  individual  damage  clusters  will  overlap,  produc- 
ing an  amorphous  layer.  During  annealing,  the  implanted  impurity  will 
anneal  in  both  the  amorphous  and  crystalline  regions  following  differ- 
ent behaviors.  Meanwhile,  the  amorphous  layer  will  also  anneal.  The 
regrowth  of  amorphous  silicon  layers  is  also  a complicated  matter. 
Backscattering  experiments  [44]  indicate  that  the  regrowth  rate  is  de- 
pendent on  the  crystallographic  direction,  and  it  is  modified  by  the 
doping  effects  of  impurities. 

Perhaps  the  problem  should  be  addressed  in  three  phases . A first 
phase  devoted  to  the  ordinary  diffusion  of  phosphorus  and  arsenic  and 
the  most  important  diffusion  anomalies.  A second  phase  dedicated  to 
the  study  of  the  regrowth  of  amorphous  Si  layers.  The  outcome  of  this 
study  will  certainly  be  useful  for  the  understanding  of  the  annealing 
behavior  of  boron  that  is  implanted  at  liquid  nitrogen  temperature. 
And,  lastly,  in  the  third  phase,  the  results  of  the  first  and  second 
phases  can  be  combined  to  develop  an  annealing  model  capable  of  pre- 
dicting impurity  profiles  in  the  presence  of  an  amorphous  layer  pro- 
duced by  the  implantation. 
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Appendix  y. 


THE  NUMERICAL  INTEGRATION  OF  THE  COUPLED  DIFFUSION  EQUATIONS 


In  Chapter  II,  we  formulated  the  annealing  model  which  consists  of 
a set  of  nonlinearly  coupled  partial  differential  equations.  We  will 
describe  now  the  numerical  integration  of  this  mathematical  problem.  The 
solution  consists  of  two  distinct  steps.  First,  we  transform  the  set  of 
Partial  Differential  Equations  (PDE)  into  a larger  set  of  Ordinary  Dif- 
ferential Equations  (ODE),  and  then  we  use  GEARB  [45],  a FORTRAN  subrou- 
tine package,  to  integrate  the  system  of  ordinary  differential  equations 


1 . The  Transformation  of  Partial  Differential  Equations  into  Ordinary 
Differential  Equations 


To  illustrate  this  transformation,  we  will  use  the  three  stream 
diffusion  model  described  in  Eq . (Al).  This  simpler  case  is  chosen  for 
the  purpose  of  illustrating  the  problem  with  a minimum  of  algebraic  com- 
plexities . 


dc  d2  C 

3-  = D £ 

dt  B ^ 2 
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“B  VH 
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(Alb) 


dC 

dt  BV 


d C, 


dx 


BV  „ CBCV+  CBV 
2“  + Ko  — T 


nonlinear 

coupling 


(Ale) 


In  this  system  of  PDE,  the  dependent  variables  are:  the  concentra- 
tions of  electrically  active  boron  (C  (x,t)),  positive  vacnacies 

(C  (x,t)),  and  BV-pairs  (C  (x,t)).  Time  and  space  are  the  independent 
B BV 

variables  in  this  problem.  The  transformation  under  consideration  is 
based  on  the  elimination  of  the  spatial  variable  by: 
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(a)  the  discretization  of  the  space  in  N partitions 

(b)  the  definition  of  new  dependent  variables 

(c)  the  formulation  of  the  problem  in  terms  of  the  new 
variables 

For  example,  first,  the  x-axis  is  divided  into  33  partitions  of  width 

Second,  we  define  the  concentrations  of  active  boron,  positive  va- 
cancies, and  BV-pairs  in  each  one  of  the  33  partitions  as  new  variables. 
Since  3 variables  are  associated  with  each  partition,  and  there  are  33 
partitions,  the  total  number  of  new  dependent  variables  is  99.  It  is 
convenient  to  define  a vector  y*  composed  of  the  new  dependent  varia- 
bles, as  is  illustrated  in  Table  A1 . We  obtain  the  system  of  ODE  in 
terms  of  the  new  va: iables  by  rewriting  Eq.  (Al)  for  each  one  of  the  33 
partitions  and  by  approximating  the  second  partial  derivative  with  the 
central  differences  [46]  in  Eq . (A2). 

LSL  ~ £ — — 35  + (A2) 

s 2 Ax 

ox 

In  this  equation,  the  superscripts  1,  c,  and  r denote  left,  center, 
and  right,  respectively;  Ax  is  the  width  of  the  partition.  The  central 
difference  approximation  in  Eq.  (A2)  is  indicating  explicitly  that  the 
second  partial  derivative  of  the  variable  C at  the  central  partition 
is  only  referenced  to  the  same  variable  C at  the  same  location  and  at 
ad.jacent  locations  (left  and  right).  Following  these  instructions  and 
using  Table  Al  to  express  the  new  variables  in  place  of  the  old  ones  , we 
obtain  Eq.  (A3),  the  system  of  99  coupled  ordinary  differential  equations . 

y(l)  = -2Kiy(l)  + Kiy(4)  “ Ky(l)y (2)  + K ' y (3 ) 

y(2)  = (_2K2  “ KV)  y (2)  + K(2)y(5)  “ Ky(l)y(2)  + K'y(3)  + *V 

y(3)  = ("2K3  “ R,)  y(3)  + K(3)7(6)  * Ky(l)y(2) 

i = (1,2,  ....  31)  (A3) 
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y(3i  + 1)  = KjyOi  - 2)  - 2^(31  + 1)  + l^yOi  + 4) 
- Ky(3i  + 1)  y(3i  + 2)  + K'y(3i  + 3) 


y(3i  + 2)  = K2y(3i  - 1)  - (2K2  + Ky)  y(3l  + 2)  + K2y(3i  + 5) 
- Ky(3i  + 1)  y(3i  + 2)  + K’y(3i  + 3)  + 


y(3i  + 3)  = K_y(31)  - (2K  + k')  y(3i  + 3)  + K y(3i  + 6) 


- Ky(3i  + 1)  y(3i  + 2) 


y(97)  = K^y(94)  - 21^(97)  - 1^(97)  y(98)  + K’y(99) 


y(98)  = K2y(95)  - (2K2  + Ky)  y(98)  - Ky(97)  y(98)  + K’y(99)  + K^ 


y(99)  = K3y(96)  - (2K3  + K')  y(99)  + Ky(97)  y(98) 


(A3) 
Cont . 
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In  Eq.  (A3),  we  assumed,  for  the  sake  of  simplicity,  that  the  val- 
ues of  the  variables  is  zero  outside  of  the  spatial  range  of  interest. 
In  principle , the  ordering  of  the  components  in  the  vector  y*  (Table 
Al)  is  arbitrary,  and  other  definitions  of  y*  would  yield  equivalent 
sets  of  ordinary  differential  equations.  However,  as  we  analyze  the 
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Jacobian  of  the  system,  it  will  be  apparent  that  this  particular  order- 
ing of  species  in  partitions  does  produce  a set  of  ODE  with  a banded 
Jacobian  in  which  the  width  of  the  band  is  small.  And,  such  a system 
can  be  solved  very  efficiently  since  it  does  not  require  the  storage 
of  elements  outside  of  the  band. 

It  is  more  concise  and  convenient  to  use  the  vector  notation  in 
the  description  of  the  system  of  ordinary  differential  equations.  For 
instance,  Eq . (A3)  can  be  expressed  as: 


y±  = f1<y1.  •••,  Yj.  •••,  yN>  i(l,  ....  N) 


(A4) 


where  N is  99  in  our  example . 

The  Jacobian  of  the  set  of  ordinary  differential  equations  in  Eq. 
(A4)  has  elements  J^  . given  by: 


j -d,‘ 


(A5) 


Hence , 


J11  " 


-2K±  - Ky(2)  = af1/dy1 


J12  = -Ky(l)  - dtl/.,y2 


J,3  * K'  * dtl/a*3 


JU  * K1  - dVay4 


etc . 


And,  in  general,  the  nonzero  elements  of  J are  for  i = (0  ...  32): 


J(3i  + 1 ,3i  + 1)  = -2KX  - Ky(3i  + 2) 


J(3i  + 1 ,3i  + 2)  = -Ky(3i  + 1) 


(A6) 
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J(3i  + 1,31  + 3)  = K' 


i 


J(3i  + 1 ,3i  - 2) 


1° 
(K 1 


i = 0 
i > 0 


J(3i  + 2 ,3i  + 1)  = -Ky(3i  + 2) 

J(3i  + 2,31  + 2)  = -2K2  - Ky(3i  + 1)  - Ky 
J(3i  + 2,31  + 3)  = K' 


J(3i  + 1,31  + 4)  = 

(° 

(K. 

J(3i  + 2,31  + 5)  = 


J(31  + 2,31  - 1)  = 

(° 


i = 32 
i < 32 

i < 32 
i = 32 

0 < 1 
1=0 


J(31  + 3,31  + 1)  = Ky(3i  + 2) 
J(3i  + 3,31  + 2)  = Ky(3i  + 1) 


J(31  +3,31  +3)  = -2K3  - K’ 


J(3i  + 3,31  + 6) 


JK3 

t° 


1 < 32 
1 = 32 


J(3i  + 3,31) 


i > 0 
1=0 


(A6) 
Cont . 
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Schematically,  the  nonzero  elements  of  the  Jacobian  are  represented 
by  'x'  in  Table  A2 . And,  the  banded  structure  of  this  matrix  is  ap- 
parent . 


Table  A2 

NONZERO  ELEMENTS  OF  THE  JACOBIAN 


yi  y2  y3 


y97  y98  y99 


X 

X 

X 

X 

1 

1 

X 

X 

X 

X 

1 

X 

X 

X 

X 

1 

X 

X 

X 

X 

1 X 

X 

X 

X 

X 

1 

1 

X 

_ _ 

_ _ 

X 

X 

X 

X 

1 

X 

1 

1 

• • • 

1 

X 

X 

X 

1 

X 

1 

1 

X 

X 

X 

1 

1 

X 

- 

1 

X 

X 

X 

1 

X 

1 

X 

1 

X 

X 

X 

1 

X 

1 

X 

X 

X 

1 

1 

X 

1 

1 

X 

X 

X 

2.  The  Solution  of  the  System  of  Ordinary  Differential  Equations 

The  numerical  integration  of  the  system  of  ordinary  differential 
equations  is  performed  on  a digital  computer  using  GEARB  [45] , a FORTRAN 
subroutine  package.  GEARB  is  composed  of  seven  subroutines  designed  to 
solve  systems  of  ordinary  differential  equations  in  which  the  Jacobian 
has  a banded  structure.  This  structure  allows  the  storing  of  the  ele- 
ments of  the  Jacobian  by  diagonal  lines,  hence  saving  storage  and  com- 
putation time.  The  package  offers  several  options  with  regard  to  the 
method  of  Integration.  For  instance,  the  Adams  method  with  functional 
iteration  is  recommended  for  nonstiff  problems.  On  the  other  hand,  for 


problems  in  which  the  stiffness  is  apparent,  the  use  of  the  backward 
differentiation  formula  with  the  user  supplied  Jacobian  is  more  effi- 
cient. The  annealing  problem  falls  into  this  category.  In  other  prob- 
lems, where  the  stiffness  is  only  apparent  in  the  later  stage  of  the 

integration,  it  is  possible  to  change  the  method  of  integration  during 
the  computation.  The  user  need  only  to  specify  the  initial  step  size 
of  the  integration.  Thereafter,  the  package  adjusts  the  step-size  ac- 
cording to  the  error  incurred  in  the  integration.  The  communication 
with  GEARB  is  performed  through  the  subroutine  DRIVEB  by  means  of  a 
CALL  statement.  The  user  supplies  a MAIN  PROGRAM  and  two  subroutines: 
DIFFUN  and  PDB . The  main  program  controls  the  input-output,  initial- 
izes variables,  selects  the  options,  and  performs  the  communication 
with  DRIVEB.  DIFFUN  defines  the  system  of  ordinary  differential  equa- 
tions [Eq.  (A3)]  and  PDB  is  the  Jacobian  [Eq . (A6)]  stored  by  diagonal 

lines.  In  the  event  that  the  Jacobian  cannot  be  coded,  it  is  possible 

to  select  an  option  that  generates  the  Jacobian  internally.  The  pen- 
alty associated  with  this  option  is,  of  course,  a loss  in  efficiency. 

In  our  case,  the  sample  codes  that  we  list  in  the  next  section  do  con- 
tain the  user  supplied  Jacobian. 

It  is  apparent  from  this  outline  that  the  interface  with  GEARB  has 
a modular  structure.  The  definition  of  the  mathematical  problem  is 
coded  in  DIFFUN  and  PDB,  and  the  adaptation  of  the  mathematical  formu- 
lation to  the  particular  problem  is  accomplished  in  the  main  program. 
For  these  reasons,  the  potential  user  will  find  that  DIFFUN  and  PDB  are 
of  immediate  use;  however,  he  may  wish  to  modify  the  main  program,  to 
alter  the  width  of  the  partition , the  step-size , the  error  control , etc . , 
to  suit  his  particular  problem.  In  Section  3,  we  include  the  listing 
of  the  three  stream  diffusion  model  and  the  complete  annealing  model. 
GEARB  is  available  in  both  single  and  double  precision  versions  from: 

Argonne  Code  Center 

Argonne  National  Laboratory 

9700  South  Cass  Avenue 

Argonne,  Illinois  60439 

Telephone:  (312)  739-7711,  Ext.  4366 
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The  user  should  send  a blank  magnetic  tape,  together  with  character, 
channel,  and  density  specifications,  and  ask  for  the  appropriate  ver- 
sion of  GEARB.  For  a complete  description  of  GEARB  and  the  user's 
instructions,  the  reader  is  referred  to  Ref.  45. 
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Three  Stream  Diffusion  Model 
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DUSE  = 0.DU0 
DOSES  = 0.D+U0 
ACTIV  = 0.D+00 
FVAL  = b.D+00 
DO  40  1=  1,30 
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5X,  23rl  Aw  NEAL  TEMPERATURE  =,lPDl0.3,8h  CELSIUS/ 
5X,23H  SOLID  SOLUBILITY  =,lPDlb.3,8H  #/CH**3/ 
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DOSE  = fci.DUU 

LOSES  = 0.D+D0 

FVAL  = i>.b+\bb 

CALL  ERRSET (208,256,-1,1) 
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2 2 . 5D26 , 1 . 4 bu 2\o , 8 . Ul$> , 4 . Sul  * , 2 . 3D19 , 1 . Cl  9 , 

3 4.9D18,2.3D18,1.12l,18,5.4D17,2.5L17,1.2D17, 

4 b.Dl6,2.yDlb,1.4L»16,6.7ul5,3.lDl5, 1 . 4bl  5/ ,CD/3l;*& .L+bb/ 
TC  IS  THE  ANNEALING  TEMPERATURE  IN  uEGREES  CELSIUS. 


CA ( I ) = Y (4*1-3) 

CALL  ;>ILS  (h,TC,CA,CD,LCI,EC,tF  , CVLLl , DELVAC ) 
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DO  5 I = 1,3b 
CA ( I ) = *(4*1-3) 

CALL  SILo (M,TC,CA,CD,LCI,LC,LF,CVEO,ULLVAC) 


SEL  = l.U+lolfl 

IF  (¥ (1+3)  .GE.K (10)  ) SEL  = B.D+Ub 
LLF  = lu  .D+UkJ 

IF  (X (1+2) ,GT.K(12) ) LDF  = 1.D+00 
b 0 R O N SUBSTITUTIONAL 


KINETIC  TERM 

PD (1+2 ,6)  = + K(8)  *SEL 
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Appendix  B 


CALCULATION  OP  AN  EFFECTIVE  DIFFUSION  COEFFICIENT 


Equations  (Bl)  and  (B2)  are  equations  (Ala)  and  (Ale)  in  Appendix 
A rewritten  in  terms  of  fluxes,  J and  J . 


Addition  of  Eqs . (Bl)  and  (B2)  yields 


Expressing  the  fluxes  in  terms  of  concentration  gradients  and  dif1 
fussion  coefficients,  we  obtain  Eq.  (B4). 


For  this  equation,  we  can  show  that  the  last  term  dominates  as  follows: 

—14 

D is  much  greater  than  D , at  900 °C;  their  values  are  7x10  and 
BV  -21  2 B 

1.6  X 10  cm  /sec,  respectively.  At  the  outset  of  the  anneal,  c^y> 
Cg  and  dCgy/dx  > dC^/bx,  hence  we  can  neglect  the  first  term.  As  the 
annealing  proceeds,  the  diffusion  of  boron  will  approach  ordinary  dif- 
fusion conditions,  namely, 


The  inequality  between  gradients  has  reversed;  however,  because  DgV 

much  greater  than  D , the  last  term  still  overwhelms  the  first  one 

B 

We  can  then  approximate  the  total  flux  as  in  Eq.  (5): 
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'dC, 


BV 


JB  + JBV  “ °BV  "ST 


(B5) 


We  now  let  5 be  the  fractional  concentration  of  BV  pairs,  which 
is  a function  of  the  electrical  activity: 


6 = 


BV 


C + C 
BV  B 


= l - a 


(B6) 


Then , 


CBV  - 5<CBV  * S’ 


(B7) 


and  the  grad ient  becomes : 


^BV  _ ( 

- as  (cbv 


+ cb)  + 6 


b(C  + C ) 
BV  B 

<3x 


(B8) 


We  can  now  identify  several  situations  in  which  the  first  term  in  Fig. 
(B8)  is  negligible  in  comparison  with  the  last  one.  For  instance,  under 
equilibrium  conditions,  we  can  rewrite  Eq.  (3)  in  Section  III  as: 


k C , 
o V+ 


Then,  substitution  of  the  above  equation  in  the  expression  for  1/| 
yields 


where 


1 , B 

6 = + CBV 


= 1 + 


k + CL  + 
o 


Ev+  ~ ef 

v ° V(T)  exp  ~f~ 


In  general,  the  Fermi  level,  as  a function  of  the  acceptor  concentra- 
tion, will  be  a function  of  distance;  however,  for  annealing  tempera  tues 
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17  3 

near  900°C  and  the  boron  concentration  below  ~10  atoms/cm  , this  de- 
pendence is  very  weak,  hence  Cv+  ~ Cyo , d£/dx  ~ 0,  and  the  first  term 
in  Eq.  (B8)  is  negligible.  An  analogous  case  arises  when  the  annealing 
temperature  is  high,  above  1100 °C.  In  this  case,  the  Fermi  level  is 
fixed  in  the  middle  of  the  bandgap. 

Under  nonequilibrium  conditions,  the  comparison  of  the  terms  in  Eq . 
(B8)  can  be  performed  numerically.  For  the  typical  annealing  case  in 
Table  3,  the  results  of  the  calculation  show  that  the  approximation 
in  Eq.  (B8)  is  correct  under  nonequilibrium  and  equilibrium  conditions, 

failing  only  under  equilibrium  conditions  when  the  boron  concentration 

18  3 

is  near  and  above  10  atoms/cm  . In  other  words , when  the  boron  con- 
centration is  high  and  the  Fermi  level  is  a function  of  distance,  d£/ 
dx  may  no  longer  be  small . 

For  cases  in  which  d|/dx  may  be  neglected,  we  may  then  simplify 
Eq.  (B8)  to 


Sc 

BV 

dx 


d(C, 


- I 


BV 


+ V 


(B9) 


Substitution  of  Eq.  (B9)  in  Eq . (B5)  and  Eq . (B5)  in  Eq . (B3)  then  yields 


. ,D 

dt  v BV  2 


(BIO) 


where  (DBV  * 5)  can  be  identified  with  the  overall  diffusion  coeffi- 
cient D . Hence, 
exp 


D 

exp 


°BV5 


= D (1 
BV 


- a) 


(Bll) 
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